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INTRODUCTION TO THE GEOLOGY
OF ANTELOPE ISLAND, UTAH

Grant C. Wilis, Jon K. King, and Hellmut H. Doelling
Utah Geological Survey

Antelope Island, the largest of Great Salt Lake's eight
major islands, is about 15 miles (24 km) long and up to 5
miles (8 km) wide, and covers approximately 40 square miles
(104 kn).  Frary Peak, the island’s highest point, is 6,597
feet (2,010 m) above sea level and about 2,400 feet (730 m)
above the lake's historical average level. Although the island
is perhaps best known for its wildlife and relatively pristine
condition, the island is also fascinating from a geological
standpoint.

GEOLOGIC MAPPING

Captain Howard Stansbury, who explored the valley of
Great Salt Lake in 1850, first described the geology of the
island (Stansbury, 1852). Stansbury turned his notes and rock
samples over to the prominent New York professor, James
Hall, who noted in an appendix to Stansbury’s report that the
rocks of theisland “...consist of granite, or perhaps an atered
sedimentary quartz or siliceous sandstone” (Hall, 1852). In
the 1870s, Clarence King, S.F. Emmons and Arnold Hague of
the 40th Parallel Survey and other government surveyors
explored and mapped much of the west (King, 1876, 1878;
Hague and Emmons, 1877). Their geologic map of northern
Utah showed the island as Archean rocks surrounded by Qua-
ternary deposits (King, 1876). After climbing to the top of
Frary Peak, Hague and Emmons (1877) described the
Archean rocks as “...mostly gneisses, with some quartzites
and mica-slates.”

George G. Bywater and Joseph A. Barlow (1909) pro-
duced the first large-scale geologic map of Antelope Island (1
inch = 1 mile). Their map included two Precambrian units -
“granite” and “gneiss,” and four Cambrian units - “basal con-
glomerate,” “limestone,” “slate,” and “quartzite and conglom-
erate.” They also made note of the “shoreline of an ancient
ocean” (Pleistocene Lake Bonneville), marked by accumula-
tions of sand and gravel deposits, and Paleozoic boulders.
A.J. Eardley and R.A. Hatch (1940a, 1940b) divided the Pre-
cambrian crystalline rocks into three lithologic units and dis-
cussed overlying sedimentary rocks and quartzite at the north
end of the island.

Willard Larsen (1957) produced a detailed study of the
petrology and structure of Antelope Island, and a 1:24,000-
scale (1 inch = 0.379 miles) geologic map. He divided the
Precambrian crystalline rocks into three lithologic parts,

which he treated as stratigraphic units: the lower, mainly on
the west side of the island; the middle, including a major
shear zone, in the center of the island; and the upper, covering
all of the southern and most of the eastern part of the island.
He also noted the presence of Tertiary rocks on the island.

In 1987, the Utah Geological and Mineral Survey (now
the Utah Geological Survey), in cooperation with the Utah
Division of Parks and Recreation, began a multifaceted proj-
ect to map the island, study mineral and water resources, and
assess geologic hazards. This comprehensive study resulted
in the following publications: Geology and Antelope Island
Sate Park, Utah (Doelling and others, 1988); Antelope Island
Sate Park - the History, the Geology, and Wise Planning for
Future Development (Doelling, 1989); and the Geologic Map
of Antelope Island, a 1:24,000-scale geologic map and accom-
panying text booklet (Doelling and others, 1990), that were
used in developing the Antel ope Island State Park Master
Plan. Doelling and others (1990) mapped the island’s rocks
and sediments in greater detail than previous studies, showed
scarps and faults, identified potential geologic hazards, and
discussed engineering aspects. This new volume contains the
results of various technical studies completed as part of, or in
cooperation with, the UGS Antelope Island study begun in
1987.

GEOLOGIC HISTORY

Some of Utah's oldest and youngest rocks are preserved
on theisland. They consist of six formations separated by
unconformities: Farmington Canyon Complex, Mineral Fork
Formation, Kelley Canyon Formation, Tintic Quartzite, an
unnamed Tertiary conglomeratic unit, and Salt Lake Forma-
tion (figure 1) (Doelling and others, 1990).

The oldest rocks, the Farmington Canyon Complex, are
exposed on the southern two-thirds of the island. Some of
these rocks may be more than 2.5 billion years old, and were
overprinted by high-grade metamorphism and intrusions
about 1.7 billion years ago. Yonkee and others (this volume)
describe these rocks.

The Mineral Fork Formation consists of diamictite
deposited about 750 million years ago (late Proterozoic) dur-
ing continental glaciation. The slightly younger, but closely
associated, Kelley Canyon Formation overlies the Mineral
Fork rocks. The Kelley Canyon consists of dightly metamor-
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longer preserved on the island, and
some clasts contain fossils of corals,
brachipods, crinoids, and other
marine fauna.

After another interval of erosion,
upper Tertiary rocks making up the

Salt Lake Formation were deposited,
probably 11 to 8 million years ago.
They consist of sandstone, conglom-
erate, mudstone, and volcanic ash
deposited in basins between moun-
tain ranges. These rocks are now
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phosed dolomite and slate deposited in an ancient ocean
between 600 and 700 million years ago. About 550 million
years ago, during the early part of the Cambrian period, rocks
of the Tintic Quartzite were deposited in lower coastal plain
and shoreline environments near the margins of an ancient
ocean. Tintic rocks cover the northern part of the island.
Yonkee and others (this volume) describe the Mineral Fork,
Kelley Canyon, and Tintic Formations. During the Late
Jurassic to early Tertiary Sevier orogeny, island rocks were
involved in intense semi-brittle to brittle deformation in
which they were folded, faulted, sheared, retrogressively
metamorphosed, uplifted, and eroded (Doelling and others,
1990; Yonkee, 1992). Hansen and McCarley (this volume)
discuss some local Sevier orogeny and later basin-and-range
deformation on Antelope Island.

The next group of rocksis middle Tertiary in age, and
overlies an unconformity representing about 500 million
years. During the early Tertiary, about 40 to 50 million years
ago, very coarse conglomerate, sandstone, and mudstone
were deposited in the area. This unnamed conglomerate unit
is exposed on the east side of the island. These rocks may be
equivalent in part to the Wasatch Formation, Fowkes Forma-
tion, or Norwood Tuff that are common in northeastern Utah.
Large boulders in the conglomerate were eroded from Pre-
cambrian and Paleozoic formations, most of which are no

Figure 1. Chart showing ages of for-
mations and timing of major events
affecting rocks on Antelope Island.
Sources of information: Hedge and
others (1986), Doelling and others
(1990), Barnett and others (1993),
and papers in this volume.

steeply tilted to the east and are fault-
ed, reflecting late Cenozoic basin-
and-range deformation that com-
menced about 17 million years ago
and created the island block. Willis
and Jensen (this volume) discuss the
Tertiary rocks and their relationship
to rocks of similar age and lithology
in other parts of northern Utah. This
latest phase of mountain building
continues today. Deep basins, typi-
cally with no external drainage,
developed between the ranges and
are filled with sediments transported
by rivers and streams from the sur-
rounding mountains. Along with the
rest of the Great Basin, Antelope
Island continues to be active geologi-
cally. Movement occurs periodically
along bounding faults, tilting the
island more and changing the lake
and island elevations.

One of the latest influences to
shape Antelope Island was Lake Bonneville, which was 1,000
feet (300 m) deep and covered over 20,000 square miles
(50,000 km?) of western Utah, eastern Nevada, and southern
Idaho during the last ice age (Currey and others, 1984; Oviatt
and others, 1992). Lake Bonneville's various shorelines are
etched on Antelope Island, and sand and gravel were deposit-
ed over most of the island by the lake’s strong wave action.
Lake Bonneville expanded gradually from a small saline lake
about 30,000 years ago to its highest level, the “Bonneville”
level (at approximately 5,200 feet [1,585 m] in elevation)
about 15,000 years ago. At thislevel it was nearly the size of
present Lake Michigan. This level was maintained until
about 14,500 years ago when a breach at Red Rock Pass in
southern Idaho released a catastrophic flood into the Snake
River Plain, quickly lowering the water surface about 350
feet (107 m) to the “Provo” level. Thislevel, at about 4,820
feet (1,469 m), was maintained until increased evaporation
associated with climatic changes caused the lake to nearly dry
up about 12,000 years ago. Several other levels, including
the “ Stansbury” at approximately 4,450 feet (1,356 m), and
the “Gilbert” at about 4,250 feet (1,295 m), form less-promi-
nent shorelines on the island (Oviatt and others, 1992). Over
the last 10,000 years, lake levels have fluctuated near the
present level of Great Salt Lake.

Introduction to the geology of Antelope Island, Utah - Willis, King, Doelling
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GREAT SALT LAKE

The present Great Salt Lake, approximately 40 miles (64
km) wide and 80 miles (128 km) long, is the largest lake in
the U.S. after the Great Lakes. It is ashallow body of water -
it is dightly over 30 feet (9 m) deep in the deepest part, and
averages just 13 feet (4 m) deep when at a“typical” lake sur-
face elevation of 4,202 feet (1,280.8 m) above sealevel.
Because it has no outlet, variations in precipitation in the
drainage basin result in constant fluctuations in the lake level,
size, and salinity. From 1850 until the present, the lake level
has fluctuated more than 20 feet (6 m), from 4,191 to 4,212
feet (1,277.4-1,283.8 m) above sea level, changing its area
from 970 to 2,280 square miles (2,512-5,905 km2). When the
lake is below alevel of 4,200 feet (1,280 m), Antelope Island
is connected to the mainland by a broad mudflat. During
these fluctuations, lake salinity varies from 5 to over 25 per-
cent. In contrast, ocean water contains a little over 3 percent
salt. Five major ions are present in the waters of the lake:
sodium, magnesium, potassium, chlorine, and sulfate. Calci-
um, lithium, bromine, and boron are present in lesser but sig-
nificant quantities (Gwynn, 1997). Gwynn (this volume) dis-
cusses the hydrology of Great Salt Lake. Just as Lake Bon-
neville did before, the rising and falling Great Salt Lake
leaves shoreline traces on Antelope Island. Atwood and
Mabey (this volume), and Murchison and Mulvey (this vol-
ume) present more information on historical and late prehis-
toric Great Salt Lake shoreline features. Burke and Gerhard
(this volume) discuss cementation and sedimentary structures
associated with Great Salt Lake.

ROCK AND MINERAL RESOURCES

Slate was mined from outcrops in the Kelley Canyon
Formation by the early pioneers. Over the years, prospectors
searched for copper and gold because the island is aligned
with the Oquirrh Mountains, the location of the productive
Bingham mining district. Copper mineralization is prominent
on some outcrops, but significant mineralization has not been
discovered. Today, the chief resources of the island are sand,
gravel, and quartzite boulders suitable for riprap, roadfill, and
concrete aggregate. In 1979 and 1980, approximately 16 mil-
lion cubic yards (12 million m3) of sand and gravel were
excavated from 2.5 square miles (6.5 kn?) of aluvial fans
and beach deposits in the southeast part of the island and
transported on a 13-mile-long (21-km) conveyor belt (the
longest in the world at the time) for use in the construction of
Interstate 80 between Saltair and Salt Lake City. The north-
ern and western beaches have abundant deposits of fine
oolitic calcium carbonate sand. Davis (this volume) discusses
construction materials on the island.

SPRINGSAND GROUND WATER

Antelope Island has several springs, primarily found
above an elevation of 4,400 feet (1,340 m) on the east side of
theisland. These springs are thought to be recharged by rain
and snowmelt that percolates into fractured rocks at higher
elevations. The water quality is good, but with higher sodium
and chloride concentrations than water flowing from springs
in the Wasatch Range. Mayo and Klauk (1991; this volume)

The Geology of Antelope Island

evaluate water chemistry on the island. Locations of septic
drainfields and public facilities must be carefully evaluated to
assure that the limited ground water is not polluted.

GEOLOGIC HAZARDS

Landslides, rock falls, and debris flows have created
scars and deposits that can be seen on the island, sand dunes
have migrated onto recently constructed roads, and unpaved
roads on steep hillsides consisting of loose material have con-
tributed to erosion. Several major active faults are near the
island, and earthquake shaking could seriously damage or
destroy man-made structures, trigger landslides and rock falls,
and cause damaging waves on Great Salt Lake. Unusualy
high precipitation in the early 1980s produced a harsh
reminder of the fluctuating levels of Great Salt Lake. A dras-
tic rise in the lake level destroyed road access to Antelope
Idland, flooded beaches, destroyed public facilities, and
caused over $300 million in damage to facilities around the
lake (mostly on the mainland). Any future development on
the island or on the causeway to the island should take into
account the natural fluctuations of Great Salt Lake. Hecker
and Case (this volume) discuss geologic hazards and engi-
neering geology of the island.

REFERENCES

Barnett, Daniel, Bowman, J.R., and Smith, H.A., 1993, Petro-
logic and geochronologic studies in the Farmington
Canyon Complex, Wasatch Mountains and Antelope
Island, Utah: Utah Geological Survey Contract Report
93-5, 34 p.

Bywater, G.G., and Barlow, J.A., 1909, Antelope Island,
Great Salt Lake: Salt Lake City, University of Utah, B.S.
thesis, 21 p., scale 1:63,360.

Currey, D.R., Atwood, Genevieve, and Mabey, D.R., 1984,
Major levels of Great Salt Lake and Lake Bonneville:
Utah Geological and Mineral Survey Map 73, scale
1:750,000.

Doelling, H.H., 1989, Antelope Island State Park; the history,
the geology and wise planning for future development:
Utah Geological and Mineral Survey, Survey Notes, v.
23,n0. 1, p. 2-14.

Doelling, H.H., Willis, G.C., Jensen, M.E., Davis, F.D.,
Gwynn, JW., Case, W.F., Hecker, Suzanne, Atwood,
Genevieve, and Klauk, R.H., 1988, Geology and Ante-
lope Island State Park, Utah: Utah Geological and Miner-
al Survey, in cooperation with Division of Parks and
Recreation, Miscellaneous Publication 88-2, 20 p.

Doedlling, H.H., Willis, G.C., Jensen, M.E., Hecker, Suzanne,
Case, W.F.,, and Hand, J.S., 1990, Geologic map of Ante-
lope Island, Davis County, Utah: Utah Geologica and
Mineral Survey Map 127, 27 p. pamphlet, scale 1:24,000.

Eardley, A.J.,, and Hatch, R.A., 1940a, Pre-Cambrian crys-

talline rocks of north-central Utah: Journal of Geology, v.
48, p. 58-72.

Eardley, A.J. and Hatch, R.A., 1940b, Proterozic(?) rocksin
Utah: Geological Society of America Bulletin, v. 51, p.
795-844.

Introduction to the geology of Antelope Island, Utah - Willis, King, Doelling



4 The Geology of Antelope Island

Gwynn, JW., 1997, Brine properties, mineral extraction
industries, and salt load of Great Salt Lake, Utah: Utah
Geological Survey Public Information Series PI-51, 2 p.

Hague, Arnold, and Emmons, S.F., 1877, Descriptive geolo-
gy, in Report of the Geological exploration of the fortieth
paralel: Professional Papers of the Engineer Department,
U.S. Army, no. 18, v. 11, 890 p.

Hall, J.E., 1852, Appendix E, aletter from professor James
Hall ...containing observations on the geology and pale-
ontology of the country traversed by the expedition, in
Stansbury, Howard, Exploration and survey of the valley
of the Great Salt Lake, including a reconnaissance of a
new route through the Rocky Mountains: Philadelphia,
Lippincott, Grambo & Co., p. 401-414 (U.S. 32nd Con-
gress, Special Session, Senate Executive Document 3)
(reprinted in 1988 with the title “ Exploration of the val-
ley of the Great Salt Lake” by Smithsonian Institution
Press, Washington, D.C., 421 p.)

Hedge, C.E., Houston, R.S., Tweto, O.L., Peterman, Z.E.,
Harrison, J.E., and Reid, R.R., 1986, The Precambrian of
the Rocky Mountain region: U.S. Geological Survey Pro-
fessional Paper 1241-D, 17 p.

King, Clarence, 1876, Geologica and topographical atlas
accompanying the Report of the geological exploration
of the fortieth parallel: Professional Papers of the Engi-
neer Department, U.S. Army, no. 18, 10 maps, scae
about 1:250,000 for Utah area.

King, Clarence, 1878, Systematic geology, in Report of the
geologica exploration of the fortieth parallel: Profession-
al Papers of the Engineer Department, U.S. Army, no. 18,
v. 1, 803 p.

Larsen, W.N., 1957, Petrology and structure of Antelope
Island, Davis County, Utah: Salt Lake City, University of
Utah, Ph.D. dissertation, 142 p., scale 1:24,000.

Mayo, A.L., and Klauk, R.H., 1991, Contributions to the
solute and isotopic groundwater geochemistry, Antelope
Island, Great Salt Lake, Utah: Journal of Hydrology, v.
127, p. 307-335.

Oviatt, C.G., Currey, D.R., and Sack, Dorothy, 1992, Radio-
carbon chronology of Lake Bonneville, eastern Great
Basin, USA: Palaeogeography, Palaeoclimatol ogy,
Palaeoecology, v. 99, p. 225-241.

Stansbury, Howard, 1852, Exploration and survey of the val-
ley of the Great Salt Lake, including a reconnaissance of
a new route through the Rocky Mountains: Philadelphia,
Lippincott, Grambo & Co., 487 p. [U.S. 32nd Congress,
Special Session, Senate Executive Document 3](reprinted
in 1988 with the title “ Exploration of the valley of the
Great Salt Lake” by Smithsonian Institution Press, Wash-
ington, D.C., 421 p.)

Yonkee, W.A., 1992, Basement-cover relations, Sevier oro-
genic belt, northern Utah: Geological Society of America
Bulletin, v. 104, no. 3, p. 280-302.

Introduction to the geology of Antelope Island, Utah - Willis, King, Doelling

Utah Geological Survey



PETROLOGY AND GEOLOGIC HISTORY OF THE
PRECAMBRIAN FARMINGTON CANYON COMPLEX,
ANTELOPE ISLAND, UTAH

W. A. Yonkeet, G. C. Willis, and H. H. Doelling
Utah Geological Survey

Inow at Department of Geosciences
Weber State University, Ogden, Utah

ABSTRACT

Precambrian high-grade metamorphic and igneous rocks
of the Farmington Canyon Complex exposed on Antelope
Island provide a partial record of the early geologic history of
northern Utah. Rock types include: (1) layered gneiss; (2)
biotite schist; (3) quartz-rich gneiss; (4) metamorphosed ultra-
mafic rock; (5) hornblende-plagioclase gneiss; (6) banded
gneiss; (7) granitic gneiss; (8) granite and pegmatite; (9) chlo-
ritic gneiss; and (10) phyllonite and mylonite.

Layered gneiss and intercalated lenses of biotite schist
and quartz-rich gneiss probably represent a deformed sedi-
mentary sequence. Hornblende-plagioclase gneiss and isolat-
ed lenses of metamorphosed ultramafic rock probably repre-
sent deformed mafic and ultramafic igneous rocks emplaced
over aprotracted history. Granitic gneiss and banded gneiss
probably represent a deformed, complexly zoned pluton
intruded during a main phase of metamorphism and deforma-
tion. Non-foliated smaller granite plutons crosscut earlier
structures and were intruded after peak deformation. Peg-
matite forms foliated concordant to non-foliated discordant
dikes that were emplaced over a protracted history. Chloritic
gneiss displays fractures and variable retrograde greenschist
alteration that crosscut earlier high-grade structures. Phyl-
lonite and mylonite within shear zones display pervasive ret-
rograde alteration and concentrated plastic deformation.
Chloritic gneiss, phyllonite, and mylonite formed during
deformation associated with Mesozoic thrusting.

Layered gneiss contains biotite, garnet, sillimanite, K-
feldspar, and cordierite, recording high temperatures (about
700°C) and relatively low lithostatic pressures (about 3 to 5
kilobar) during main-phase metamorphism. Compositions of
banded and granitic gneiss are consistent with crystallization
at temperatures of 650 to 700°C from magma derived by par-
tial melting of tonalitic to granodioritic gneiss. A dominant
foliation formed in the gneisses during main-phase deforma-
tion and metamorphism, but complex fold interference pat-
terns and multiple foliations in layered gneiss may record ear-
lier deformation.

An interpretive geologic history has the following ideal-
ized stages: (1) Archean (?) deposition of a supracrustal
sequence; (2) Late Archean (?) metamorphism and deforma-
tion; (3) Early Proterozoic granitic intrusion; (4) Early Pro-

terozoic main-phase metamorphism and deformation; (5) Pro-
terozoic intrusion of late-stage granites; (6) Middle to Late
Proterozoic uplift and erosion; (7) Late Proterozoic to Meso-
zoic deposition of sedimentary rocks; (8) Mesozoic deforma-
tion and retrograde ateration; and (9) Cenozoic extension.

INTRODUCTION

High-grade metamorphic and igneous rocks are well
exposed on Antelope Island (figure 1), and provide a partial
record of the Precambrian geologic history of northern Utah
(Bryant, 1988a; Doelling and others, 1990). In this paper we
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discuss the outcrop and petrographic characteristics of base-
ment rocks on Antelope Island. We aso briefly discuss the
geochemistry, metamorphic conditions, and geochronology of
these rocks. These data are used to interpret the origin of the
rocks, to develop a generalized geologic history for the area,
and to regionally correlate basement rocks on Antelope Island
with other Precambrian rocks exposed in the Rocky Mountain
area.

Crystalline basement with similar characteristicsis
exposed to the east in the Wasatch Range near Farmington
Canyon (figure 1), and was named the Farmington Canyon
Complex by Eardley and Hatch (1940). Limited exposures of
crystalline basement are also found at Durst Mountain, at Lit-
tle Willow Canyon near Salt Lake City, and near Santaquin,
Utah (figure 1).

Previous workers outlined the general characteristics of
the Farmington Canyon Complex. Bell (1951) did a detailed

study of basement rocks in part of the Wasatch Range, and
Larsen (1957) conducted a geological study of Antelope
Island. Bryant (1988b) discussed results of a reconnaissance
study of the structure and geochemistry of the Farmington
Canyon Complex, and Hedge and others (1983) conducted a
geochronologic study of part of the complex. Basement and
sedimentary rocks on Antelope Island were described and
mapped in detail by Doelling and others (1990).

During the Precambrian, the Farmington Canyon Com-
plex underwent a complicated history of deformation, intru-
sion, and metamorphism (Hedge and others, 1983; Bryant,
1988b). Late Proterozoic to Mesozoic sedimentary rocks
were deposited unconformably over the crystalline basement.
The basement and the sedimentary rocks were thrust eastward
and internally deformed in the Late Mesozoic during the
Sevier orogeny (Yonkee, 1990). An anastomosing network of
shear zones developed during thrusting and these zones over-

Petrology and geologic history of the Precambrian Farmington Canyon Complex - Yonkee, Willis, Doelling
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printed Precambrian high-grade structures (Yonkee, 1992).
Cenozoic normal faulting further modified structures and is
partly responsible for the current topography and exposure.

REGIONAL SETTING

The Rocky Mountain region contains several distinct
Precambrian terranes that are characterized by different ages,
lithologies, and interpreted tectonic settings (Hedge and oth-
ers, 1986; Tweto, 1987). Correlation of the Farmington
Canyon Complex with these other terranes and interpretation
of tectonic setting remain problematic, partly because of lim-
ited petrologic and geochronologic data. We briefly summa-
rize characteristics of Precambrian terranes in the Rocky
Mountain region, and then discuss alternative correlations of
the Farmington Canyon Complex.

An Archean terrane termed the Wyoming Province cov-
ers abroad circular area within the north-central Rocky
Mountains (figure 2) (Hedge and others, 1986). The terrane
consists principally of high-grade gneiss complexes, granitic
to granodioritic plutons, and interspersed belts of supracrustal
rocks. Gneissesin the central part of the province are as old
as 3,300 million years (Ma), but ages decrease overall toward
the margins of the province. Many areas underwent meta-
morphism and intrusion of large granitic plutons between
2,700 and 2,500 Ma (Hedge and others, 1986).

A belt of variably metamorphosed Early Proterozoic mar-
gin deposits, now exposed in southern Wyoming and South
Dakota, accumulated along the southern and eastern edges of
the Wyoming Province (figure 2) (Hedge and others, 1986).
The belt contains thick sequences of quartzose to argillaceous
metasedimentary rocks and mafic meta-igneous rocks that
probably accumulated along arifted passive margin between
2,300 and 1,800 Ma (Karlstrom and Houston, 1984).

A wide zone of deformation, called the Cheyenne belt
(Karlstrom and Houston, 1984), juxtaposes Archean basement
of the Wyoming Province and the overlying sequence of
Early Proterozoic margin deposits on the north side against
terranes of strongly deformed Proterozoic metavol canic and
metasedimentary rocks on the south side (figure 2). The belt
isinterpreted to record a collisional orogeny and accretion of
island arc terranes onto the southern margin of the Archean
Wyoming Province between about 1,800 and 1,600 Ma (Karl-
strom and Houston, 1984; Duebendorfer and Houston, 1987).

The Proterozoic terranes south of the Cheyenne belt are
well exposed in parts of Colorado and consist mostly of: (1)
felsic and hornblendic gneisses that represent metamorphosed
rhyolitic and basaltic volcanic rocks; (2) quartz-plagioclase-
biotite gneiss and schist that represent metamorphosed sedi-
mentary rocks including graywacke, sandstone, and shale;
and (3) large granodioritic to granitic calc-alkaline intrusive
complexes (figure 2) (Hedge and others, 1986; Tweto, 1987).
Protoliths for meta-volcanic and meta-sedimentary rocks
probably accumulated in or near island arcs about 1,800 mil-
lion years ago. Widespread metamorphism and intense defor-
mation that affected these rocks peaked at about 1,700 Ma,
synchronous with intrusion of the calc-alkaline granitic com-
plexes, but the duration of the deformation is uncertain
(Hedge and others, 1986; Duebendorfer and Houston, 1987).

The Cheyenne belt iswell exposed in southeastern
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Wyoming, but its westward extension is uncertain (figure 2).
Early Proterozoic margin deposits of the Red Creek Quartzite
are juxtaposed over gneisses of the Late Archean Owiyukuts
Complex within the Uinta Mountains (Sears and others,
1982), indicating that the southern margin of the Wyoming
Province may continue westward in the subsurface beneath
the northern margin of the Uinta Mountains (Graff and others,
1980; Bryant, 19884). Crystalline gneissesin the Albion,
Raft River, and Grouse Creek Ranges of northwestern Utah
and southeastern |daho may also contain Archean components
(Armstrong, 1968; Compton and others, 1977). Mesozoic
and Tertiary deformation and metamorphism have largely
obliterated evidence of the early history of these gneisses
such that the western margin of the Wyoming Province is
poorly constrained. Rocks of the Farmington Canyon Com-
plex display similarities with both the Archean Wyoming
Province and the Proterozoic terranes of Colorado and south-
ern Utah.

GENERAL DESCRIPTION OF
BASEMENT ROCK TYPES

We divide the crystalline basement rocks on Antelope
Island into ten types based on petrographic and outcrop char-
acteristics. These rock types roughly correspond to map units
discussed by Doelling and others (1990). Basement rock
types are: (1) layered gneiss, which corresponds to parts of
their layered and mixed gneiss map units; (2) biotite schist,
which forms lenses within layered gneiss; (3) quartz-rich
gneiss, which corresponds to their quartz-plagioclase gneiss
map unit; (4) metamorphosed ultramafic rock, which forms
isolated lenses within layered gneiss; (5) hornblende-plagio-
clase gneiss, which corresponds to their amphibolite map unit
and which also forms thin lenses in other units; (6) banded
gneiss, which corresponds to part of their mixed gneiss map
unit; (7) granitic gneiss, which corresponds to their red
granitic gneiss and migmatitic granitic gneiss map units; (8)
granite and pegmatite, which correspond to their coarse-
grained granite and pegmatitic granite map units and which
form small pods within other units; (9) chloritic gneiss; and
(20) phyllonite and mylonite within shear zones. The last two
rock types correspond to the chloritized gneiss, mylonite, and
phyllonite map unit of Doelling and others (1990), and are
characterized by Cretaceous retrograde alteration and defor-
mation that overprint earlier structures (Yonkee, 1992).

Layered gneiss, with lenses of biotite schist and quartz-
rich gneiss, and rare pods of metamorphosed ultramafic and
mafic rock, forms elongate regions within the southern and
central parts of the island (figure 3a). Hornblende-plagio-
clase gneiss forms elongate pods in other units and is abun-
dant within a large banded gneiss body in the central part of
theisland. Granitic gneissis exposed in alarge éliptica area
on the west-central part of theisland and in asmaller areato
the northeast. Banded gneiss, the dominant rock type within
the central and eastern parts of the island, surrounds the
granitic gneiss. Granite and pegmatite form small plutons
and stringers within other units and form several larger plu-
tons on the eastern part of theisland. Chloritic gneiss, phyl-
lonite, and mylonite are found along shear zones, including a
major shear zone in the central part of the island, and near the

Petrology and geologic history of the Precambrian Farmington Canyon Complex - Yonkee, Willis, Doelling



8 The Geology of Antelope Island

0 1 2 miles

2 kilometers

&
=

—_—Z—>

1S

T

Elcphan
Head
XWhb
Weakly to
moderately
foliated red
granitic gneiss
of Doelling

T.3N.
T.2N.

Moderately to
strongly foliated
migmatitic granitic
gneiss of Doelling
and others (1990)

EXPLANATION
—a— Reverse fault
— Normal fault

T Tertiary deposits
unconformity

Z-C Proterozoic and Cambrian
low-grade metasedimental
rocks

unconformity

FARMINGTON CANYON

COMPLEX: XWe
XWec Chloritic gneiss, phyllonite, XWq

and mylonite XWu

Xp Granite and pegmatite
Xg Granitic gneiss
Xb Banded gneiss T lN:

XWh Hornblende-plagioclase gneiss, amphibolite,
and mafic gneiss bodies
XWu Metamorphosed ultramafic and mafic rock
XW(q Quartz-rich gneiss
XWI Layered gneiss with lenses of quartz-rich
gneiss, biotite schist, and metamorphosed
ultramafic rock

Figure 3a. Generalized geologic map of Antelope Island, illustrat-
ing subcrop distributions of different rock types discussed in text.
Modified from Doelling and others (1990).

contact with the overlying sedimentary cover.

Layered gneiss and lenses of biotite-schist and quartz-
rich gneiss are isoclinally folded and have a dominant north-
to northeast-striking foliation related to a main phase of
deformation (figure 3b). Thisfoliation is parallel to axial sur-
faces of most folds. However, these rocks locally display
complex fold interference patterns and multiple foliations in
some fold hinges, probably recording an earlier period of
deformation. Banded gneiss displays a single strong north- to
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ered gneiss with lenses of biotite schist and quartz-rich gneiss are
indicated by fine dotted pattern and areas of non-foliated granite
and pegmatite are indicated by coarse dotted pattern.

northeast-striking foliation related to main-phase deformation
(figure 3b). Granitic gneiss displays a single weak to strong
foliation that defines an elliptical pattern parallel to the con-
tact with the banded gneiss (figure 3b). These relations are
interpreted to record intrusion of alarge pluton, now repre-
sented by banded and granitic gneiss, approximately synchro-
nous with main-phase deformation. Larger granite and peg-
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Figure 3c. Locations of samples listed in tables; rock types are dis-
cussed in text. Table 4 gives sample locations.

matitic intrusions are non-foliated, crosscut earlier structures,
and were emplaced after main-phase deformation.

Basement rocks exposed to the east in the Wasatch
Range are similar to rocks on Antelope Island and form a het-
erogeneous package that was intensely deformed and meta-
morphosed to upper amphibolite facies during a complicated
Precambrian history (Hedge and others, 1983; Bryant,
1988b). Complexly deformed layered gneiss in the Wasatch
Range also contains lenses of biotite schist and quartz-rich
gneiss, and probably represents sedimentary rocks that under-
went multiple periods of metamorphism and deformation.

The Geology of Antelope Island

Large outcrops of granitic gneiss in the Wasatch Range dis-
play simple foliation patterns and probably represent granitic
plutons that intruded layered gneiss, roughly synchronous
with a main phase of deformation and regional metamor-
phism (Bryant, 1988a).

Retrograde greenschist-facies alteration and shear zones
locally overprint high-grade features in basement rocks on
Antelope Island and in the Wasatch Range (Yonkee, 1990).
OAr*Ar ages for syndeformational muscovite from phyl-
lonite within these shear zones are mostly between 110 and
140 million years (Yonkee, 1990), recording localized defor-
mation associated with thrusting during the Sevier orogeny.

OUTCROPAND PETROGRAPHIC CHARAC-
TERISTICS OF BASEMENT ROCK TYPES

Photographs of outcrops and hand samples of different
rock types areillustrated in figure 4, and microscopic textures
for different rock types are illustrated in figure 5. Estimates
of mineral abundances, based on 400 to 500 point counts per
sample, are summarized in table 1. Most samples of base-
ment rock have undergone minor retrograde alteration during
Sevier deformation, and mineral abundances were slightly
different prior to alteration. Table 1 lists both observed min-
eral abundances, and estimated abundances prior to alteration,
for samples in which original mineralogy could be interpreted
from preserved textures. Only observed mineral abundances
are reported for samples of biotite schist, chloritic gneiss,
phyllonite, and mylonite, because alteration has obliterated
most evidence of original mineralogy.

Layered Gneiss

This rock type displays well-developed, continuous com-
positional layering, and consists of abundant, though variable,
amounts of quartz, feldspar, and biotite (figures 4a, 4b).
Some layers contain garnet, sillimanite, and rare cordierite.
The gneiss weathers to form heterogenous gray to brown to
pink outcrops of variable erosional resistance. Alternating
quartzo-feldspathic, biotite-rich, quartz-rich, and amphibolite
layers generally have thicknesses between 0.05 and 2 meters
(0.2-6 ft), and are continuous over lengths of 10 to 100
meters (30-300 ft). Strongly developed foliation, defined by
preferred orientation of mica and quartz aggregates, paralels
compositional layering in most outcrops. In many areas, the
gneiss is migmatitic, with development of alternating
stringers of biotite-rich and leucocratic material probably
recording local partial melting. Tight minor folds with wave-
lengths of 0.1 to 10 meters (0.3-30 ft) are widely developed,
and mineral lineations generaly parallel fold hinges. Preser-
vation of two foliations in some fold hinges, and complex
fold interference patterns record protracted or multiple defor-
mation.

Layered gneiss locally grades into biotite schist and
guartz-rich gneiss, consistent with a sedimentary protolith.
Some outcrops, however, contain layers of more massive
granitic gneiss that may have an igneous protolith. Gneissic
layering probably developed by a combination of metamor-
phic differentiation, injection of dikes, and transposition of
primary layering.

Mineral abundances of layered gneiss are variable; sam-

Petrology and geologic history of the Precambrian Farmington Canyon Complex - Yonkee, Willis, Doelling
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Figure 4. Outcrop and sample photographs of different rock types.

a. Outcrop of layered gneiss on southern part of the island consists

of alternating gray quartzo-feldspathic, white quartz-rich, and dark

biotite-rich layers. Hammer located near core of tight fold in center
of photograph is 30 centimeters (12 in) long.

Utah Geological Survey

b. Alternating lighter quartz-rich and darker biotite-rich layers are
locally isoclinally folded on the southern part of the island. Ham-
mer is 30 centimeters (12 in) long.

c. Outcrop of finely layered and folded biotite schist. Light-colored
concordant pegmatitic layers in schist may represent partial melts.
Coarse-grained, less deformed pegmatite body crosscuts layering.
Hammer in central part of photograph is 30 centimeters (12 in)
long.

d. Sample of dark biotite schist with micaceous foliation. Small gar-
net grains appear darker gray. Scale bar is 2.5 centimeters (1 in)
long.

e. Quartzrich gneiss has milky white appearance and forms resist-
ant, blocky outcrops. Pen in central part of photograph is 15 cen-
timeters (6 in) long.

f. Sample of vitreous quartz-rich gneiss contains minor amounts of
dark oxides and creamy white plagioclase. Scale bar is 2.5 centime-
ters (1in) long.

Petrology and geologic history of the Precambrian Farmington Canyon Complex - Yonkee, Wilis, Doelling
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g. Outcrop of black hornblende-plagioclase gneiss. Light-colored
pegmatite veinlets cut the gneiss and are overall concordant with
foliation. Hammer in left part of photograph is 30 centimeters (12
in) long.

i. Outcrop of banded gneiss displays
well-devel oped foliation and alternat-
ing thin layers of gray granodioritic
gneiss and white leucocratic material.
Later, undeformed pegmatite dikes
crosscut layering. Stereoscope for
scaleis 12.5 centimeters (5 in) long.

j- Sample of medium-grained banded
gneiss displays foliation defined by
preferred orientations of dark horn-
blende and biotite grains. Sringers of
white leucocratic material are approx-
imately parallel foliation. Scale bar is
2.5 centimeters (1 in) long.

k. Alternating dark mafic layers and
light leucocratic pods define
migmatitic texture in complexly folded
banded gneiss. Pencil in right part of
photograph is about 15 centimeters (6
in) long.

The Geology of Antelope Island 11

h. Sample of hornblende-plagioclase gneiss from center of a dike.
Sample has weak foliation and locally ophitic texture with interlock-
ing light plagioclase and dark hornblende grains. Scale bar is 2.5
centimeters (1 in) long.

I. A set of subparallel leucocratic pods and stringers cut weakly foliated block of granitic gneiss. Dark mafic minerals are locally concentrated
along pod margins. Notebook is 22 centimeters (8.5 in) wide.

Petrology and geologic history of the Precambrian Farmington Canyon Complex - Yonkee, Wilis, Doelling
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m. Granitic gneiss forms light-colored, variably foliated, blocky out-
crops on west side of island. Widely spaced, white pegmatitic vein-
lets define crude banding.

n. Sample of medium- to coarse-grained granitic gneiss contains
abundant light-colored quartz and feldspar, and minor dark horn-
blende. Sample displays weak foliation and is cut by diffuse regions
of leucocratic material. Scale bar is 2.5 centimeters (1 in) long.

o. Nonfoliated, light-colored pegmatite surrounds angular blocks of
hornblende-plagioclase gneiss. Pegmatite forms resistant, knobby
outcrops. Pack at bottom of photograph is about 0.5 meter (1.5 ft)
tall.

p. Sample of red granite is composed dominantly of coarse-grained,
fractured K-feldspar (gray), plagioclase (light gray), and quartz
(white). Mafic minerals arerare and foliation is absent. Scale bar
is 2.5 centimeters (1 in) long.

g. A set of thin, diffuse pegmatitic veinlets is concordant to foliation
in an outcrop of banded gneiss. The early veinlets are cut by an
early set of thicker, locally folded and foliated, pegmatite dikes.
Later pegmatite dikes are planar, very coarse-grained, and crosscut
foliation.

r. Some pegmatite dikes cut and offset dark hornblende-plagioclase
dike, but dark dike offsets other deformed pegmatite dikes, recording
multiple periods of pegmatite and mafic intrusion within outcrop of
banded gneiss. Brunton compass for scale in center of photograph.

Petrology and geologic history of the Precambrian Farmington Canyon Complex - Yonkee, Wilis, Doelling
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s. Outcrop of darker chloritic gneissis cut by en echelon arrays of
white, quartz-filled veins. Locally developed cleavage dips to the
left (west) parallel to parting. Outcrop is about 1.5 meters (5 ft)
high.

t. Sample of chloritic gneissis cut by anastomosing sets of dark
fractures along which chlorite-epidote-sericite alteration is concen-
trated. A darker chloritic shear zone cuts the base of the sample.
Scale bar is 2.5 centimeters (1 in) long.

u. Quartz veins cut and surround fragments of fractured chloritic
gneiss. \eins vary from undeformed and crosscutting, to being
recrystallized and sheared. Pencil for scale.

v. Steeply dipping phyllonitic cleavage crenulates gently dipping
Precambrian foliation and compositional layering in outcrop of
chloritic gneiss. Abundant chlorite and minor hematite produced
during retrograde alteration give the outcrop a dark appearance.
Brunton compass for scale.

w. Seeply dipping zone of phyllonite with pervasive alteration and
well-developed cleavage in right half of photograph crosscuts base-
ment foliation and layering. Cleavage and alteration continue
across contact with overlying Late Proterozoic Mineral Fork
diamictite near top of dark exposures. Light outcrops at top of pho-
tograph are dolomite of the Late Proterozoic Kelley Canyon Forma-
tion. Pack in center part of photograph is about 0.5 meter (1.5 ft)
high.

x. Mylonite sample displays cleavage defined by stretched pods of
light-gray quartz and preferred orientation of darker chlorite and

sericite. More equant gray feldspar augen are fractured and have
recrystallized tails. Shear fractures locally offset cleavage. Scale
bar is2.5 cm (1 in) long.

Petrology and geologic history of the Precambrian Farmington Canyon Complex - Yonkee, Willis, Doelling
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Figure 5. Photomicrographs of different rock types. (Barsindicate scale)) Symbolsare: Q- quartz, K- K-feldspar, P- plagioclase, B-biotite, H-
hornblende, G-garnet, S-sillimanite, C-chlorite, M-fine-grained muscovite (sericite), Cp-clinopyroxene, Cd-cordierite.

a. Layered gneiss, viewed with uncrossed Nicols (non-polarized d. Cordierite grain in layered gneiss is largely altered to pinite and
light), consists of medium-grained plagioclase, quartz, K-feldspar, contains biotite inclusions.

biotite, and minor garnet. Subvertical preferred orientation of

biotite is subparallel to macroscopic foliation. e. Biotite schist, viewed with uncrossed Nicols, contains abundant,

dark biotite aligned parallel to foliation, poikiloblastic garnet, and
polycrystalline ribbons of quartz. Some biotite grains contain small
sericite pseudomor phs after sillimanite.

b. Same view as (a) with crossed Nicols (polarized light). Plagio-
claseis partly altered to sericite.

c. Sllimanite forms prismatic cross sections in biotite-rich layer in

f. Quartz-rich gneiss, viewed with crossed Nicols, displays polygo-
layered gneiss.

nal aggregate of recrystallized quartz grains. Large grain of plagio-
claseis partly altered to sericite.
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g. Metamorphosed ultramafic rock, viewed with uncrossed Nicols,
displays abundant anthophyllite and clinopyroxene. Secondary
chlorite and serpentine replace orthopyroxene and olivine in upper
right part of photograph.

h. Same view as (g) with crossed Nicols.

i. Hornblende-plagioclase gneiss, viewed with uncrossed Nicols,
consists of partly altered plagioclase grains, hornblende with
amphibole cleavage, and minor amounts of anhedral quartz

j. Same view as (i) with crossed Nicols.

k. Biotite locally replaces hornblende in sample of hornblende-pla-
gioclase gneiss.

I. Clinopyroxene grains in weakly foliated sample of hornblende-
plagioclase gneissis partly replaced by hornblende.

Petrology and geologic history of the Precambrian Farmington Canyon Complex - Yonkee, Wilis, Doelling
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m. Banded gneiss, viewed with crossed Nicols, displays abundant p. Granitic gneiss, viewed with uncrossed Nicols, displays larger
quartz, partly sericitized plagioclase, and K-feldspar with gra- aggregates of polygonal quartz grains, K-feldspar, and partly
noblastic textures. altered plagioclase.

n. Banded gneiss, viewed with uncrossed Nicols, displays horn- g. Coarse-grained, red granite consists of quartz, perthitic K-
blende and fine-grained biotite, stilpnomelane, and chlorite that feldspar, and plagioclase. Some larger feldspar grains are recrys-
may be replacing hornblende or pyroxene. tallized along their boundaries.

0. Granitic gneiss, viewed with crossed Nicols, displays granoblas- r. Large grain of K-feldspar in pegmatite displays well-devel oped
tic texture and contains abundant quartz, perthitic K-feldspar, and tartan twinning.

partly sericitized plagioclase.

Petrology and geologic history of the Precambrian Farmington Canyon Complex - Yonkee, Willis, Doelling
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s. Poikiloblastic grain of garnet with quartz inclusion, from sample v. Same view as (u) with crossed Nicols. Note recrystallization and
of garnet-muscovite-bearing granite. alteration concentrated along crack network.

t. Fine-grained, recrystallized feldspar and mica are concentrated w. Mylonite, viewed with uncrossed Nicols, displays plastically
along grain boundaries (arrows) in chloritic gneiss, recording ini- deformed quartz ribbons that wrap around more equant feldspar
tial influx of fluids. Plagioclase grains display widespread alter- augen. Asymmetric tails and pressure shadows around augen indi-
ation to sericite. cate top-to-the-right simple shear.

u. Chloritic gneiss, viewed with uncrossed Nicols, displays numer- x. Phyllonite, viewed with crossed Nicols, consists of very fine-
ousintragranular and intergranular fractures (arrows). Microscop- grained recrystallized quartz and foliated aggregates of muscovite
ic shear zone contains abundant sericite at base of photograph. and chlorite. Cleavage rakes to left and rotates toward a shear
Fractures filled with chlorite have dark appearance. band in center part of photograph.
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Table 1. Mineral abundances in selected samples from Antelope Island (see figure 3c for sample localities.)

A. Layered Gneiss

A5D ABE  A19E meants.d®

37.3 177  46.0 350+9.1
260 273 281 29.4+6.0
7.6 6.5 29 9.0+4.6
159 281 6.3 10.3+9.1
35 8.5 6.5 25+33

Sample 540 590 620 2200 A4D
Observed Abundances

Quartz 254 36.2 41.3 37.9 38.3
Plagioclase 414 237 355 284 248
K-feldspar 35 14.7 125 11.0 135
Biotite 135 14 0.8 47 12.0
Garnet 0.5 -- -- -- 1.2
Cordierite P -- -- -- --
Sillimanite -- -- -- -- --
Opaque minerals 1.0 3.8 3.8 2.7 21
Sericite 820 88 25 10.0 37
Chlorite 5.7 3.7 29 4.0 0.6
Epidote 0.6 6.3 0.5 0.4 3.2

08 P - P
14 54 - P
04 08 P 1.8+15
569 520 81 6527
12 P 07  24+20
- - 13 1522

Pre-Alteration Abundances®

Quartz 25.4 37.1 41.3 37.9 38.3
Plagioclase 425 34.8 38.0 379 31.2
K-feldspar 35 15.6 12.5 11.5 13.5
Fe-Mg silicate® 27.4 7.7 4.2 9.2 13.9
Al silicate® -- -- -- -- --
Oxides 1.0 4.2 38 2.7 21

B. Other Gneiss and Schist Types

37.3 177 460 351+9.1
268 279 351 34.3+5.4
7.6 6.5 29 9.2+4.8
258 414 15.9 18.2+12.5
18 54 - P

04 0.8 P 1.8+1.

Biotite Schist

Sample 560 A19C A19D 430

Observed Abundances
Quartz 15.7 15.5 1.0 93.0
Plagioclase 1.0 19 -- 5.2
K-feldspar -- -- -- --
Biotite 545 384 494 P
Garnet 4.2 0.5 14 --
Muscovite”) 4.7 6.6 3.8 1.2
Sillimanite P 14 3.8 --
Opaque minerals 1.2 P 0.4 P
Carbonate -- -- -- --
Sericite 16.7 22.8 32.0 P
Chlorite 21 12.9 8.5 0.6
Epl dote == == == ==

Quartz-Rich gneiss

A2A  A2E
940 791
43 43
- P
04 P
08 34
02 09
P _—
06 88
P 36
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C. Ultramafic and Hornblende-Plagioclase Gneiss

Ultramafic Hornblende-Plagioclase Gneiss
Sample 7290 A3B 170 190 420 510 7140 A17A meants.d®
Observed Abundances

Quartz - - 3.6 31 172 136 - 7.6 7.54£6.7
Plagioclase - - 3b2 228 380 193 308 376 30.6+7.9
K-feldspar - - 0.8 - 1.0 - - 0.2 0.4+0.5
Amphibole 333 310 | 425 572 155 317 552 323  39.1+158
Biotite - - 0.3 - 2.0 161 - P

Orthopyroxene 6.5 33 -- -- -- -- 0.5 --

Clinopyroxene 1.7 8.8 P -- -- -- 5.7 --

Opague minerals 54 50 4.7 59 18 25 1.0 15 2.9+2.0

Sericite - - 39 4.7 11.0 1.0 1.7 17.9 6.7+6.5
Chlorite 41.7® 47509 7.0 4.7 33 1.7 P 1.3 3.0£2.6
Epidote -- -- 1.3 P 10.0 12.8 5.0 1.8 5.1+5.2
Talc 54 45 -- -- -- -- --
Pre-Alteration Abundances®

Quartz - - 3.6 31 17.2 13.6 - 7.6 7.5+6.7
Plagioclase - - 40.4 275 57.0 27.3 37.0 57.3 41.1+13.5
K-feldspar - - 0.8 - 1.0 - - 0.2 0.4+0.5
Fe-Mg silicate® 94.6 95.0 50.3 62.7 22.8 55.3 61.9 33.6 47.8+16.2
Oxides 54 5.0 4.2 51 1.8 25 1.0 15 2.7+1.6

D. Banded Gneiss

Sample 110 140 150 160 210 220 300 A10  meanstsd”
Observed Abundances

Quartz 34.2 343 328 338 340 318 326 322 33.2+1.0
Plagioclase 27.1 24.2 27.8 37.2 25.0 335 22.9 30.6 28.5+4.9
K-feldspar 20.0 23.2 22.2 15.6 26.7 19.3 24.2 235 21.8+£3.4
Amphibole 6.7 P -- -- 6.0 9.5 -- 2.0 3.0+3.8
Biotite® 2.0 0.8 0.4 -- 29 15 6.8 2.1 2.1+2.1
Opaque minerals 3.8 3.0 1.8 35 1.3 2.3 11 2.3 24+1.0
Sericite 41 9.2 9.0 0.5 35 15 43 43 4.6+3.1
Chlorite 0.4 3.3 1.8 4.4 P -- 7.7 11 2.3+2.7
Epidote 1.7 1.7 3.6 4.0 0.6 -- 0.4 14 1.7£1.5

Pre-Alteration Abundances®

Quartz 342 343 328 338 340 318 326 322 33210
Plagioclase 326 324 366 377 291 350 278 357 33.7x31
K-feldspar 202 236 226 162 267 193 242 235  22.0+3.0
Fe-Mg silicate® 9.1 6.4 6.0 8.0 8.9 11.0 140 58 8.6x1.9
Oxides 3.8 3.0 20 3.5 13 2.3 16 2.3 2.5+0.9
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E. Granitic Gneiss

Sample 7110 7130 A20A A20B A21B 350 370 A12B  A-119 A-59  meants.d?®
Observed Abundances

Quartz 33.0 30.6 31.9 33.1 324 330 32.6 34.2 364 322 32.9+1.5
Plagioclase 19.6 284  30.6 28.8 28.5 28.6 22.3 27.3 15.1 29.9 25.9+5.1
K-feldspar 30.0 317 26.7 324 29.0 26.5 29.9 29.3 39.3 29.6 30.3+3.8
Amphibole 1.0 1.7 1.9 2.8 0.7 35 2.0 2.4 -- 14 1.7+1.0
Biotite® 2.9 3.8 2.6 0.6 4.2 1.8 4.6 2.1 -- 0.8 2.3+1.6
Opaque minerals 29 16 33 16 2.0 21 2.6 24 2.6 35 2.5+0.7
Sericite 8.9 0.8 0.4 0.2 0.7 1.2 2.8 0.5 -- -- 1.6+2.7
Chlorite 0.8 -- -- -- 0.5 -- 0.2 14 0.6 -- 0.4+0.5
Epidote 1.0 14 2.3 0.4 2.1 19 2.8 0.2 5.8 0.1 1.8+1.7

Pre-Alteration Abundances®

Quartz 330 306 319 331 324 330 326 342 364 322 32915
Plagioclase 285 299 322 202 297 309 271 280 180 299  283+39
K-feldspar 305 317 267 324 290 269 299 293 393 296 30536
Fe-Mg silicate® 52 6.2 5.6 3.7 7.0 7.1 7.6 6.1 35 4.8 5714
Oxides 2.9 16 33 16 20 21 26 24 26 35 2.5+0.7

FE.__ Granite and Pegmatite

Garnet-Muscovite-

Pegmatitic Granite Bearing Granite Red Granite  Mean#s.d.®

Sample 1060 2180 7150 640 1250 7180 7200 for al granites
Observed Abundances

Quartz 32.0 38.8 33.6 322 318 26.8 30.5 32.3£3.9
Plagioclase 35.6 18.8 29.7 24.8 24.5 19.3 23.1 25.2+6.5
K-feldspar 30.0 30.0 33.6 37.0 385 52.7 34.2 36.5£8.5
Muscovite 0.4 -- 0.5 0.8 0.7 -- 0.8 0.6£0.3
Garnet 0.2 -- -- P 2.0 -- --
Biotite -- P -- 0.4 0.7 -- 12 --
Opaque minerals -- -- -- -- -- -- P --
Sericite 12 115 2.2 20 1.0 0.8 5.7 3.5+4.2
Chlorite -- -- -- 2810 . P 0.5
Epidote 0.4 0.3 0.5 P 0.7 0.5 4.0 1.0+£1.4

Pre-Alteration Abundances®

Quartz 320 388 336 322 318 268 305 32.3#39
Plagioclase 368 306 319 268 262 206 324 297456
K-feldspar 300 300 336 370 385 527 342 365485
FeMgslicae® 02 P - 32 27 P 21 08#12

Al silicate® 04 03 05 - 0.7 - 08  05+03

Oxides - - - - - - - P -
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G. Chloritic Gneiss, Phyllonite, and Mylonite

The Geology of Antelope Island 21

Chloritic Gneiss Phyllonite Mylonite
F327A F358 F379A F355 F411 F434B 240 250
Observed Abundances

Quartz 359 390 387 404 510 423 288  39.7
Plagioclase 197 6.7 15.0 - 12 - 141 110
K-feldspar 161 129 150 - - 13 168 6.3
Biotite® 116 - 33 - - 2.0 - -
Opague minerals® 18 2.4 17 18 16 2.3 2.0 35
Sericite 6.7 266 173 353 247 305 6.1 15.7
Chlorite 8.1 124 50 225 214 202 305 217
Epidote P 14 0.7 - - - 16 20

@ mean+one standard deviation

@ includes fine-grained biotite, stilpnomelane, and oxidized chlorite that may have formed from alteration of hornblende and

pyroxene
® includes penite alteration of cordierite

@ see text for method of calculating pre-alteration mineral abundances

® includes biotite, hornblende, garnet, and pyroxene
© includes primary sillimanite and muscovite

™ includes muscovite grains larger than 0.1 mm (.004 in) in long dimension

® includes serpentine

© data from Bryant (1988b)

19 produced by alteration of garnet
@ includes sphene

P present

ples contain 18 to 46 percent quartz, 27 to 43 percent plagio-
clase, 3 to 16 percent K-feldspar, and 4 to 32 percent biotite,
after effects of minor ateration are removed (table 1A, figure
6a). Some samples also contain garnet, sillimanite, and
cordierite. Accessory mineralsinclude zircon, allanite, and
apatite. Layered gneiss has alower average content of K-
feldspar, and higher and more variable contents of plagioclase
and biotite than banded and granitic gneiss. Mineral abun-
dances for layered gneiss on Antelope Island are similar to
abundances reported by Bryant (1988b) for his gneiss and
schist rock unit in the Wasatch Range.

Microscopically, layered gneiss displays granoblastic tex-
tures with polygonal aggregates of quartz and feldspar (fig-
ures 5a, 5b). Anhedral quartz grains have sizes mostly
between 0.1 and 2 millimeters (0.004-0.08 in), and form poly-
crystalline aggregates with long dimensions up to 5 millime-
ters (0.2 in) that enclose feldspar and biotite grains. Anhedral
to subhedral plagioclase grains, with sizes generally between
0.1 and 5 millimeters (0.004-0.2 in), have compositions of
Anl15 to An40. Many grains show patchy alteration to
sericite (fine-grained muscovite), epidote, and albite.
Anhedral K-feldspar grains, with sizes ranging from 0.1 to 4
millimeters (0.004-0.16 in), vary from well-developed string
perthite to non-perthitic. Subhedral biotite grains, with long
dimensions of 0.2 to 2 millimeters (0.008-0.08 in), are gener-
ally subparallel to macroscopic foliation. Garnet forms sub-

hedral, locally poikiloblastic grains up to 3 millimeters (0.12
in) in diameter. Some biotite-rich layers contain elongate
prisms of sillimanite (figure 5c), and cordierite that is mostly
altered to pinite (figure 5d).

Biotite Schist

Biotite schist, a distinctive rock type that forms lenses up
to 2 meters (6 ft) wide within the layered gneiss unit, consists
of abundant biotite, variable amounts of quartz and mus-
covite, and minor amounts of garnet and sillimanite (figures
4c, 4d). The unit isrelatively non-resistant, and weathers to
form brown slopes and subdued ledges. Complex minor
folds and strong foliation, defined by preferred orientation of
mica, are widely developed. Intercalated thin layers and pods
of granitic material may record partial melting of the schist.
The schist probably represents metamorphosed pelitic materi-
al and gradesinto layered gneiss.

Samples contain 38 to 55 percent biotite, 1 to 16 percent
quartz, and 4 to 7 percent coarser-grained muscovite, 1 to 4
percent garnet, and lesser amounts of sillimanite and highly
altered cordierite(?) (table 1B). Samples also contain 17 to
33 percent sericite produced by widespread alteration.

Microscopically, sasmples display schistose textures
defined by preferred orientation of bictite (figure 5e). Subhe-
dral grains of biotite, with long dimensions of 0.2 to 2 mil-
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limeters (0.008-0.08 in), are mostly parallel to foliation.
However, some grains randomly cut foliation and may be
post-kinematic, and some are kinked and rotated into minor
folds. Many biotite grains are partly altered to sericite and
chlorite. Anhedral quartz grains form elongate aggregates
that are up to 5 millimeters (0.2 in) in long dimension. Sub-
hedral garnet grains, up to 5 millimeters (0.2 in) in diameter,
are largely altered to chlorite. Coarser-grained muscovite,
with sizes of 0.1 to 0.5 millimeters (0.004-0.2 in), and minor
amounts of sillimanite are intergrown with biotite in most
samples. These larger muscovite grains may have formed by
synmetamorphic crystallization or by retrograde mimetic
growth. Small remnants of plagioclase are surrounded by
sericite. Rare cordierite(?) is almost completely atered to
pinite.

Quartz-Rich Gneiss

Quartz-rich gneiss, another distinctive rock type that
forms concordant lenses ranging from 1 to 30 meters (3 to
100 ft) wide within the layered gneiss, consists dominantly of
quartz, with lesser amounts of plagioclase, biotite, and oxides
(figures 4e, 4f). The gneiss weathers to form vitreous, milky
to greenish-gray, fractured and resistant outcrops. Foliation,
defined by preferred orientation of minor oxides and mica, is
parallel to layering in adjacent gneiss, but is difficult to dis-
cern in some outcrops. Thisrock type is interpreted to have
formed by metamorphism of quartz-rich sedimentary rocks.

Samples consist of 79 to 94 percent quartz, 5 to 12 per-
cent plagioclase and its alteration products (sericite), and les-
ser amounts of biotite and coarser-grained muscovite (table 1B,
figure 6a). Accessory minerals include zircon and magnetite.

Microscopically, the gneiss consists of complex polygo-
nal aggregates of quartz grains with dispersed grains of pla-
gioclase, muscovite, biotite, and oxides (figure 5f). Anhedral
guartz grains, with sizes mostly between 0.2 and 5 millime-
ters (0.008-0.2 in), have planar to curved boundaries, proba-
bly reflecting recovery after high-temperature deformation.
Some grains display undulatory extinction, subgrains, and
sutured boundaries, possibly reflecting younger plastic defor-
mation. Many grains have abundant inclusions of very fine-
grained oxides that produce a "dusty" appearance. Subhedral
grains of plagioclase, biotite, and coarser-grained muscovite
are weakly aligned parallel to macroscopic foliation.

M etamor phosed Ultramafic Rock

Metamorphosed ultramafic rock and surrounding horn-
blende-rich gneiss form small isolated pods within layered
gneiss at the southern end of the island. Meta-ultramafic rock
consists of amphibole, pyroxene, and rare olivine that are
variably altered to chlorite, serpentine, and talc. This rock
type has a dark green to black color and weathers to form
rusty brown surfaces. Foliation varies from weak in pod
cores to strong near pod margins that are bounded by horn-
blendite and hornblende-plagioclase gneiss. Pods of ultra-
mafic and mafic rock may represent highly deformed and dis-
membered oceanic crust, komatiitic flows, or part of a
deformed layered-mafic complex.

Metamorphosed ultramafic rock consists of about 30 per-
cent anthophyllite and tremolite, 15 percent orthopyroxene
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and clinopyroxene, minor olivine, and alteration minerals
including abundant chlorite, serpentine, and talc (table 1C).
Accessory minerals include ilmenite, magnetite, and sphene.
Original mineral abundances and textures are difficult to
determine due to alteration.

Ultramafic rock displays complex textures that are partly
related to retrograde alteration (figure 5g, 5h). Anthophyllite
and tremolite grains are weakly aligned parallel to foliation.
Orthopyroxene and light-green clinopyroxene grains are up to
3 millimeters (0.12 in) in size. Anhedral olivine grains are
cut by irregular fractures and are largely atered to serpentine.

Hornblende-Plagioclase Gneiss

This rock type consists of varying proportions of horn-
blende and plagioclase, with lesser amounts of quartz, biotite,
and rare pyroxene. Rock that is relatively rich in plagioclase
forms gray outcrops, whereas rock that is richer in horn-
blende forms dark green to black, generally less resistant out-
crops (figures 4g, 4h). Hornblende-plagioclase gneiss occurs
in two settings, as elongate pods in other units, and within a
large mafic gneiss body.

Pods of hornblende-plagioclase gneiss that cut other rock
units are generally 0.1 to 3 meters (0.3 to 10 ft) thick, but a
few larger pods reach 30 meters (100 ft) in width. Many
pods have sharp planar boundaries that locally crosscut com-
positional layering in surrounding gneiss, and are interpreted
to be metamorphosed mafic dikes. Foliation varies from
well-developed to weak in different pods, probably recording
emplacement of dikes over a protracted history. Highly
deformed pods in layered gneiss are relatively old, and less
deformed pods in banded and granitic gneiss are relatively
young.

Hornblende-plagioclase gneiss is also abundant within a
large mafic gneiss body in the central part of the island (fig-
ure 3a). The mafic body consists of strongly foliated horn-
blende- to plagioclase-rich gneiss interlayered with, and cut
by, pods of granitic and pegmatitic gneiss. This body may
represent part of a mafic pluton that was later intruded by
granitic material or it may represent a metamorphosed vol-
canic sequence.

Samples of gneiss consist of about 20 to 60 percent horn-
blende, 30 to 60 percent plagioclase and its alteration prod-
ucts, 0 to 15 percent quartz, and minor pyroxene (table 1C).
Samples vary compositionally from gabbro to diorite to
tonalite (figure 6b). Accessory minerals include ilmenite,
magnetite, and alanite.

Microscopically, the gneiss displays granoblastic to
decussate textures with interlocking hornblende and plagio-
clase grains (figures 5i, 5j). Elongate, subhedral grains of
hornblende, with long dimensions of about 0.5 to 4 millime-
ters (0.02-0.16 in), are crudely aligned paralel to foliation.
Hornblende is partly altered to chlorite and partly replaced by
biotite in some samples (figure 5k). Subhedral grains of pla-
gioclase, with dimensions of about 0.3 to 2 millimeters
(0.012-0.08 in), have compositions between An25 and AnS0.
Plagioclase is variably altered to sericite and epidote. A few
samples contain clinopyroxene and rare orthopyroxene (figure
51). Most pyroxene grains appear to be in disequilibrium,
being partly replaced by hornblende. Anhedral quartz grains
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Figure 6.

QZ Ternary plots for modal abundances of quartz (Qz), K-feldspar (KF), and
plagioclase (PL) for basement rock samples. Abundances used in diagrams
(E) have been adjusted to remove effects of alteration as discussed in the text.

a. Layered gneiss (solid triangles) and quartz-rich gneiss samples (open tri-
angles).
b. Hornblende-plagioclase gneiss samples. Fields for gabbro, diorite,

quartz diorite, and tonalite from the International Union of Geological Sci-
ences (IUGS) (1973) classification are indicated.

c. Banded gneiss samples. |UGSfields for granite and granodiorite indi-
cated. Dotted line surrounds compositional range of most granitic rocks as
given by Winkler (1976).

d. Granitic gneiss samples. [UGSfields for granite and granodiorite indi-
cated. Dotted line surrounds compositional range of most granitic rocks as
given by Winkler (1976).

e. Granite and pegmatite samples. Dotted line surrounds compositional
range of most granitic rocks as given by Winkler (1976).

have sizes between 0.1 and 1 millimeters (0.004-0.04 in) and to medium-grained quartz and feldspar, with lesser amounts
rarely form aggregates. of hornblende. The gneiss weathers to form overall gray to
. pink outcrops of varying resistance that are cut by irregular
Banded Gneiss fractures. Planar to lenticular stringers of leucocratic material
This rock type displays well-devel oped compositional with widths mostly between 0.01 to 0.1 meters (0.4 into 4 in)
layering and foliation that produce a banded appearancein and variations in abundances of mafic minerals define layer-
outcrop (figure 4i, 4j). Banded gneiss consists mostly of fine- ing. Preferred orientation of hornblende and quartz aggre-
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gates define foliation that is rotated into ptygmatic foldsin
some outcrops. Banded gneissis locally migmatitic, with
aternating discontinuous layers of leucocratic and mafic
materia (figure 4k). The gneiss probably represents part of a
deformed and metamorphosed granitic pluton with possible
enclaves of older gneiss.

Banded gneiss samples consist of 31 to 34 percent
quartz, 28 to 38 percent plagioclase, 16 to 27 percent K-
feldspar, and 6 to 12 percent hornblende, possible pyroxene,
and biotite, after effects of minor ateration are removed
(table 1D). Accessory minerals include zircon, alanite, and
apatite. The samples are granitic to granodioritic in composi-
tion (figure 6c).

In thin section, banded gneiss displays granoblastic tex-
tures with polygonal aggregates of quartz and feldspar and
dispersed mafic grains (figures 5m, 5n). Veinlets of leuco-
cratic material define layering in some samples. Anhedral
quartz grains, with sizes mostly between 0.1 and 1 millime-
ters (0.004-0.04 in), are locally grouped into polygonal aggre-
gates up to 3 millimeters (0.12 in) in length. Most grains
have uniform extinction and smooth to curviplanar bound-
aries. Anhedral to subhedral plagioclase grains generally
have sizes from 0.1 to 2.0 millimeters (0.004-0.08 in) and
compositions of An20 to An30. Many plagioclase grains are
partly altered to sericite, epidote, and albite, especially along
grain margins. Anhedral K-feldspar grains, with sizes from
0.2 to 3 millimeters (0.008-0.12 in), have complex perthitic
intergrowths and local "tartan" twinning. Subhedral grains of
hornblende, with long dimensions up to 2 millimeters (0.08
in), are preferentially aligned parallel to foliation. Biotite,
chlorite, and stilpnomelane appear to have formed by alter-
ation of horneblende and possible pyroxene.

Granitic Gneiss

Granitic gneiss consists mostly of medium-grained quartz
and feldspar, with lesser amounts of hornblende and rare
pyroxene. Granitic gneiss forms homogeneous, light-gray to
light-red outcrops (figures 4l, 4m, 4n), which appear to grade
into outcrops of banded gneiss. Weakly to strongly devel-
oped foliation is defined by preferred orientation of quartz
aggregates and mafic minerals. Discontinuous pods and
stringers of leucocratic material with widths generally
between 0.025 and 0.15 meters (1 and 6 in) define composi-
tional layering in some outcrops. Leucocratic pods and
stringers consist dominantly of coarse-grained feldspar and
quartz with minor amounts of hornblende and biotite concen-
trated along their margins (figure 41). Most pods and
stringers are concordant with foliation and have gradational
boundaries, but later, less-deformed pegmatitic dikes crosscut
foliation. Widely spaced, generally planar fractures cut the
gneiss, producing a blocky appearance in most outcrops.

Granitic gneiss samples contain 31 to 36 percent quartz,
18 to 32 percent plagioclase, 27 to 39 percent K-feldspar, 4 to
8 percent hornblende and rare pyroxene, after effects of minor
alteration are removed (table 1€). Accessory minerals include
apatite, zircon, alanite, and sphene. Samples have granitic
compositions (figure 6d). Mineral abundances for granitic
and banded gneiss overlap, but granitic gneiss has lower aver-
age abundances of plagioclase and mafic minerals, and a
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greater average abundance of K-feldspar.

Doelling and others (1990) divided granitic gneiss into
two gradational units: a central body of weakly to moderately
foliated red granitic gneiss, and a surrounding body of moder-
ately to strongly foliated migmatitic granitic gneiss (figure
3a). Mineralogically, these two map units are indistinguish-
able. Foliation traces define an elliptical pattern that is sub-
parallel to contacts of the red granitic, migmatitic granitic,
and banded gneiss map units (figure 3b) (Doelling and others,
1990). These three units are interpreted to represent part of a
deformed granitic pluton that underwent local partial melting
and injection of leucocratic dikes. The pluton may have been
zoned with slightly more mafic material, now represented by
the banded gneiss, along the margin.

Microscopically, granitic gneiss displays granoblastic
textures, with medium- to locally coarse-grained aggregates
of quartz, feldspar, and dispersed mafic grains (figures 50,
5p). Anhedral quartz grains have sizes mostly between 0.1
and 2 millimeters (0.004-0.08 in), and tend to form polygonal
aggregates up to 6 millimeters (0.23 in) in length. Most
grains have uniform extinction and smooth to curviplanar
boundaries. Anhedral plagioclase and K-feldspar grains gen-
erally have sizes between 0.3 and 3 millimeters (0.012-0.12
in), but some grains are up to 10 millimeters (0.4 in) long.
Samples from the red granitic gneiss map unit tend to be
dlightly coarser grained compared to samples from the
migmatitic granitic gneiss map unit. Plagioclase composition
ranges from Anl15 to An25 for most grains, but almost pure
albite occurs along some grain margins. Some plagioclase
grains include smaller K-feldspar grains and myrmekitic
intergrowths of quartz. Many K-feldspar grains display "tar-
tan" twinning, most grains are perthitic, and some grains
include smaller plagioclase and quartz grains. Subhedral to
anhedral hornblende grains have long dimensions up to 3 mil-
limeters (0.12 in) and are weakly aligned parallel to foliation.
Many bictite grains are randomly oriented and appear to have
formed by alteration of hornblende. Textural relations of rare
clinopyroxene are difficult to discern due to extensive alter-
ation to chlorite and fine-grained amphibole. The pyroxene
may be either of igneous or metamorphic origin.

Granite and Pegmatite

Granite and pegmatite consist of varying proportions of
coarse-grained quartz and feldspar, with limited amounts of
mafic minerals and mica (figures 40, 4p). This general rock
typeincludes: (1) pegmatitic granite that forms large bodies
on the eastern part of the island; (2) garnet-muscovite-bearing
granite that forms small pods within and near layered gneiss;
(3) red granite that forms small plutons on the southern end
of the idand; and (4) pegmatite that forms widespread dikes
and pods (generally 0.01 to 1 meter [0.4 in to 3 ft] wide)
within other units. Larger outcrops of granite and pegmatite
are generally white to gray to pink, variably fractured, and
have a knobby appearance. The red granite and some out-
crops of pegmatitic granite display patchy red coloring caused
by minor amounts of dispersed hematite. Pegmatitic granite
is massive to weakly foliated and is roughly concordant to
banded gneiss on alarge scale. Pods of garnet-muscovite-
bearing granite vary from approximately concordant and
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weakly foliated to crosscutting and nonfoliated, consistent
with derivation from local partial melting of nearby layered
gneiss late in the deformation history. Plutons of red granite
are discordant, nonfoliated, have sharp boundaries, and con-
tain enclaves of surrounding wall rock, recording intrusion
after main-phase deformation. Pegmatite dikes vary from
foliated and concordant to undeformed and mutually crosscut-
ting, recording a protracted history or multiple periods of
intrusion and partial melting (figures 4q, 4r). Pegmatite dikes
are generaly leucocratic, with minor amounts of dark mafic
minerals concentrated along dike margins.

Granite and pegmatite samples consist of about 25 to 40
percent quartz, 20 to 35 percent plagioclase, and 30 to 50 per-
cent K-feldspar, and minor muscovite, garnet, and biotite
(table 1f). All samples plot in the granite field (figure 6€).
Accessory minerals include zircon, apatite, and tourmaline.
Samples of pegmatite are too coarse-grained for point counts
in thin section, but vary from quartz-, to plagioclase-, to K-
feldspar-rich.

In thin section, most varieties of granite and pegmatite
display randomly oriented, coarse grains of feldspar and
quartz (figure 59). Quartz forms anhedral, equant grains with
smooth to curviplanar boundaries. Anhedra to subhedral pla-
gioclase grains are abitic and display limited ateration to
sericite. K-feldspar grains are anhedral and many grains are
perthitic and display "tartan" twinning (figure 5r). Garnet, up
to 3 millimeters (0.12 in) in size, forms subhedral grainsin
some samples (figure 55). Grain sizes of quartz and feldspar
vary considerably, ranging from less than 1 millimeter (0.04
in) for some pods of garnet-muscovite-bearing granite, to
between 1 and 10 millimeters (0.04-0.4 in) for the red granite,
to locally greater than 1 centimeter (0.4 in) for pegmatite.

Chloritic Gneiss

Chloritic gneiss displays widespread fractures, veins, and
alteration that overprint earlier high-grade structures of the
previously described rock types (figures 4s, 4t). Minera
abundances of chloritic gneiss vary greatly, reflecting differ-
ent protoliths and variable ateration. Most outcrops are
green to black in color with widespread alteration of original
minerals to sericite, fine-grained chlorite, biotite, stilpnome-
lane, epidote, and albite. Outcrops that contain abundant
guartz veins are relatively resistant, but other areas are non-
resistant. Quartz veins and pods have widths from less than
1 centimeter (0.4 in) to greater than 3 meters (10 ft), and are
associated with minor shear zones (figure 4s) and net vein
systems that surround fragments of less-altered basement rock
(figure 4u). Variably developed cleavage, defined by flat-
tened aggregates of quartz and preferred orientation of mica,
locally obliterates earlier fabrics, but most outcrops display
patches where earlier high-grade structures are preserved (fig-
ure 4v). Chloritic gneiss grades into phyllonite and mylonite
with increasing deformation intensity along the margins of
shear zones and near the contact between the basement and
the sedimentary cover.

Samples contain 7 to 27 percent sericite produced by
alteration of feldspar, and 5 to 12 percent chlorite produced
by alteration of mafic minerals (table 1G). Compared to pro-
toliths, feldspar abundances are lower and mica abundances
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are greater.

Alteration in chloritic gneiss is concentrated along grain
boundaries and crack networks (figure 5t). Microscopically,
chloritic gneissis cut by numerous fractures, quartz- and
mica-filled veinlets, and minor shear zones (figures 5u, 5v).
Many quartz grains display widespread undulatory extinction,
subgrains, and limited recrystallization concentrated along
grain margins, recording localized plastic deformation. Wide-
spread planar fluid inclusion trains in quartz grains are inter-
preted to represent healed microcracks. Plagioclase grains
are partly altered to sericite, epidote, and recrystallized abite.
K-feldspar grains are cut by microcracks and locally altered
to sericite. Mafic minerals are altered to chlorite and to finely
recrystallized biotite and stilpnomelane. Alteration and
recrystallization produced grains with sizes generally less
than 0.05 millimeters (0.002 in), resulting in overall grain
size reduction.

Phyllonite and Mylonite

This rock type displays pervasive alteration, well-devel-
oped cleavage, and local vein networks (figures 4w, 4x).
Phyllonite consists mostly of very fine-grained mica and
guartz, and mylonite consists of recrystallized quartz,
feldspar, and mica. Most outcrops are green to black, with
areas having abundant quartz veins being relatively resistant,
and mica-rich areas being relatively non-resistant. Phyllonite
and mylonite are found in shear zones and in a broad region
near the basement-cover contact. Flattened and ribboned
guartz pods and preferred orientation of mica define cleavage.
Many shear zones also contain thin shear bands with very
fine grain size and high strain. Offset of sheared dikes and
well-devel oped cleavage record concentrated strain within
shear zones. Fractures and breccia zones locally offset cleav-
age (figure 4x), but cleavage locally overprints fractured
gneiss, recording temporally overlapping ateration, plastic
deformation, and cataclasis.

Phyllonite and mylonite samples contain 6 to 35 percent
sericite, 21 to 31 percent chlorite, 29 to 51 percent quartz, and
0 to 30 percent total feldspar. Overall, mica contents are
greater and feldspar contents are lower than for chloritic
gneiss and basement protoliths. Phyllonite samples have
lower feldspar, dlightly higher quartz, and higher sericite con-
tents compared to mylonite samples.

Microscopically, mylonite consists of recrystallized
guartz ribbons and variably altered, fractured, and recrystal-
lized feldspar augen (figure 5w). Phyllonite displays fine-
grained, foliated aggregates of sericite and chlorite and
recrystallized quartz aggregates (figure 5x). Quartz occurs as
elongate ribbons, subgrains, and recrystallized grains with
sizes of about 5 to 50 microns (0.0002 to 0.002 in), recording
widespread plastic deformation. Quartz augen, however, are
locally preserved. Some feldspar grains are cracked along
cleavage planes and grain edges, and some grains have pres-
sure shadows and recrystallized tails of quartz, mica, and
albite. Elongate grains of sericite and chlorite with long
dimensions of 5 to 50 microns (0.0002 to 0.002 in) are gener-
ally parallé to cleavage. Variably deformed and recrystal-
lized quartz veins record overlapping fracturing, fluid influx,

quartz precipitation, and plastic deformation.
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Figure 7. Chemical characteristics of different rock types.

a. Chemical compositions for samples of layered gneiss (solid trian-
gles), quartz-rich gneiss (open triangle), and biotite schist (open
square). Solid circles are labeled for mean compositions of arkose (A),
graywacke (G), and quartz arenite (Q), from Pettijohn and others
(1973). Compositional range of paragneisses in Wasatch Range
reported by Bryant (1988b) outlined by dashed line.

b. Chemical compositions for samples of hornblende-plagioclase gneiss
(solid triangles) and ultramafic rock (open triangle). Fields for oro-

genic, continental, and ocean floor basalts from Pearce and others
(1977). Fieldsfor tholeiitic and calc-alkaline rocks from Irvine and
Barager (1971). General compositions of peridotitic komatiites also
indicated.

c¢. Normative abundances of quartz (QZz), K-feldspar (KF), and plagio-
clase (PL) for samples of banded gneiss (solid circles) and granitic
gneiss (open circles). Abundances calculated using CIPW method
(Cox and others, 1979). Corresponding chemical compositions of sam-
ples also shown. Fields for tholeiitic and calc-alkaline rocks from
Irvine and Barager (1971).
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Table 2. Whole-rock chemistry of selected samples from Antelope Island (see figure 3c for sample localities).

Qtz-Rich  Biotite Ultra- Hornblende-
Layered Gneiss Gneiss Schist Mafic Plagioclase Gneiss Granite Phyllonite

590 A5D AI19E A2A 560 A3B 7140 A17A 1250 7150 F355
SO, 69.1 613 75.1 96.4 55.7 377 48.7 544 729 721 744
Al,O4 123 181 119 13 20.7 104 145 173 138 149 94
K,O 23 31 16 0.46 4.6 0.11 090 26 6.7 75 24
Na,0 31 35 24 0.25 0.36 0.42 34 3.9 29 35 0.20
Cao 2.6 1.2 22 0.02 0.15 4.5 103 55 041 0.26 0.20
Fe,0; 78 78 4.4 0.37 10.0 14.0 118 101 18 0.43 5.0
MgO 10 28 0.62 0.07 3.0 231 6.6 31 0.18 0.15 4.0
MnO 009 010 0.16 0.01 0.07 0.14 020 013 022 0.01 0.04
TiO, 075 077 034 0.06 11 0.62 11 12 0.07 0.04 0.39
P,O5 0.16 008 0.08 0.01 0.09 0.05 010 0.27 0.03 0.02 0.11
LOI 1.0 13 1.0 0.54 45 6.8 1.0 15 039 023 29
Total 100.4 100.2 100.2 99.5 100.3 98.2 98.6 100.1 995 993 99.1

Banded Gneiss Granitic Gneiss
110 150 220 A10  Mean 7130 350 AI12B  A-11()_ A-51)_ Mean

SO, 69.6 714 69.0 717 70.4 72.2 71.3 725 72.3 69.2 71.5
Al,O4 12.2 128 123 122 12.4 126 120 114 12.1 121 121
K,O 4.0 40 3.0 43 3.8 5.4 4.8 4.6 4.8 44 A8
Na,0 3.2 39 3.6 3.2 35 35 32 31 2.7 32 31
Cao 20 18 2.6 12 19 1.0 16 1.0 12 19 13
Fe,0, 6.8 51 6.8 5.4 6.0 34 53 5.0 5.0 56 49
MgO 0.47 036 070 042 0.49 014 041 041 021 042 032
MnO 0.14 007 012 o011 0.11 008 014 012 009 015 o011
TiO, 0.54 041 059 0.39 0.48 022 038 033 033 044 034
P,O5 0.13 011 014 012 0.13 003 011 006 006 015 0.08
LOI 0.39 054 031 0.77 0.50 023 054 023 047 035 036
Ba 1700 1600 1200 1600 1900 1600 1700 ND 1498
Nb 30 40 40 60 50 40 70 ND 30
Rb 180 190 100 140 160 140 130 ND 140
Sr 120 ) 110 70 70 90 80 ND 80
Zr 850 630 710 920 570 930 870 710 550
Total 99.8 99.8 99.5 100.2 99.1 1000 992 993 985

Major oxides, LOI and Total in weight percent
Minor elements in ppm (parts per million)

LOI  losson ignition

ND  not determined

@ data from Bryant (1988b)

GEOCHEMISTRY

Whole-rock chemical analyses were completed for 20
samples of basement rock from Antelope Island. Chemical
compositions, in conjunction with petrographic and structural
relations, are used to interpret the origin of some of the dif-
ferent rock types. (All percentages in the following discus-
sion are weight percent).

Chemical compositions of layered gneiss are highly vari-

able, with SiO, contents ranging from 61 to 75 percent (table
2). Samples contain abundant Al,O,, significant total FeO,
and moderate amounts of alkalis. The broad range in compo-
sitions for samples of layered gneiss, quartz-rich gneiss, and
biotite schist is similar to the range reported by Bryant
(1988b) for his gneiss and schist unit in the Wasatch Range
(figure 7a). Bryant (1988b) concluded that protoliths for
these rocks included graywacke, arkose, quartz arenite, and
shale.
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Table 3. Normative values of selected samples from Antelope Island (see figure 3c for sample localities). Calculations based on CIPW method

(Cox and others, 1979).

Banded Gneiss Granitic Gneiss

Sample 110 150 220 Al10 Mean 7130 350 Al12B  A-110) A-50  Mean
Quartz 296 283 28.4 32.2 29.6 28.2 294 333 33.8 29.2 308
Albite 271 328 30.1 27.3 29.3 29.5 267 26.0 24.2 267 26.8
Anorthite 7.3 5.7 8.5 5.1 6.7 2.7 45 3.6 5.6 59 45
Orthoclase 233 237 18.2 25.2 22.6 32.0 283 274 28.5 260 284
Diopside 16 2.2 31 -- 17 1.8 2.3 1.0 -- 22 15
Hypersthene 4.9 34 6.0 4.4 47 24 4.6 31 2.2 23 29
Magnetite 3.6 25 2.8 3.0 3.0 17 2.2 3.2 3.7 46 30
[Imenite 1.0 0.8 11 0.7 0.9 0.4 0.7 0.6 0.7 0.8 06
Corundum -- -- -- 0.4 0.1 -- -- -- 0.2 -- 0.1
Apatite 0.3 0.3 0.3 0.3 0.3 0.1 0.3 0.1 0.1 04 02
Quartz 296 283 28.4 32.2 29.6 28.2 294 333 33.8 29.2 308
Plagioclase 344 385 38.6 324 36.0 32.1 31.2 296 29.8 326 313
K-feldspar 233 237 18.2 25.2 22.6 32.0 283 274 28.5 260 284
Fe-Mg Silicates 6.5 5.6 8.8 4.4 6.4 4.2 6.9 41 2.2 45 44
Oxides 4.6 3.3 3.9 3.7 3.9 21 29 3.8 4.4 54 36

() data from Bryant (1988b)

A lone sample of metamorphosed ultramafic rock had a
very low SiO, content (37.7 percent) and a very high MgO
content (23.1 percent), consistent with a komatiitic composi-
tion (table 2; figure 7b). Komatiitic textures are absent and
these ultramafic rocks have undergone metasomatism as indi-
cated by widespread chlorite alteration.

Samples of hornblende-plagioclase gneiss have low SO,
contents and relatively high total FeO contents (table 2).
Samples plot in or near the tholeiitic field and basalts may
have been emplaced in an oceanic or continental setting (fig-
ure 7b). However, samples may have undergone metasoma-
tism.

Banded and granitic gneiss have overlapping composi-
tions with SiO, ranging from about 69 to 73 percent (table 2).
Granitic gneiss samples have dightly higher average contents
of SO, and K,0O, and lower contents of Ca0O, total FeO, and
MgO compared to banded gneiss. All samples have relatively
low Al O, contents, moderate alkali contents, and high total
FeO contents. Granitic gneiss in the Wasatch Range
described by Bryant (1988b) is chemically similar to granitic
gneiss on Antelope Island. Samples of granitic and banded
gneiss on Antelope Island contain 28 to 34 percent normative
quartz, 30 to 39 percent normative plagioclase, 18 to 32 per-
cent normative orthoclase, and 2 to 9 percent normative Fe-
Mg silicates (table 3). Normative mineral abundances plot
within the granite field for granitic gneiss and within the
granite and granodiorite fields for banded gneiss (figure 7c),
similar to plots of observed modal abundances (figures 6¢ and
6d). The limited range of chemical compositions lies along
the boundary between the tholeiitic and the calc-alkaline
fields.

Abundances of most elements for banded and granitic
gneiss vary approximately linearly with increasing SiO, con-

tents (figure 8), probably reflecting a common genesis for the
two rock types. Contents of K,O increase, and contents of
Ca0, FeO, MgO, and TiO, decrease with increasing SiO,
content, possibly reflecting fractional crystallization or
magma mixing. The limited range of compositions and
apparent clustering of SiO, contents may reflect limited sam-
pling.

Granitic and banded gneiss on Antelope Island display
chemical similarities with A-type granites as defined by
White and Chappel (1983), including relatively low Al con-
tents, high Fe contents, and enrichment in high-field-strength
elements (large ionic size and high charge) such as Zr and
Nb. Mineralogical similarities with A-type granites include
the presence of Fe-rich biotite and amphibole. White and
Chappel (1983) reported that many A-type granites were
emplaced after peak deformation, and were derived from
crust previously depleted by extraction of partial melts.
Creaser and others (1991), however, presented arguments for
derivation of A-type granites by partial melting of non-deplet-
ed tonalitic to granodioritic crust, implying that A-type gran-
ites can form during peak deformation and metamorphism.
Well-developed foliation and locally gradational contacts
between granitic, banded, and migmatitic layered gneissin
the Wasatch Range and on Antelope Island are consistent with
igneous intrusion during peak metamorphism and deforma-
tion. These intrusions may have formed by partial melting of
older gneiss (Bryant, 1988a).

Normative compositions of banded and granitic gneiss
plot near the orthoclase-plagioclase-quartz cotectic line in the
system quartz-albite-anorthite-orthoclase-H,O (figure 9). The
relative location of the cotectic line only changes slightly
with moderate changes in total pressure and water pressure,
although temperatures along the line are higher for lower
water pressures (see Winkler, 1976). Two features are note-
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Figure 8. Harker variation plots for whole-rock chemical data for banded gneiss samples (solid circles) and granitic gneiss samples (open circles).
Major element contents vary systematically with increasing SO, content as indicated by lines. Note that chemical compositions of the two rock

types overlap.

worthy: (1) The granitic gneiss probably crystallized along
the cotectic line at temperatures between 650 and 800°C,
depending on water pressure. Thisissimilar to the estimated
temperatures of metamorphism discussed in the next section.
(2) If the granitic gneiss crystallized from a parent magma of
similar composition, then this magmawould also lie near the

cotectic line. Such a parent magma could have been generat-
ed at depths of 15 to 20 kilometers (9-12 mi) by melting gra-
nodiorite or tonalite at temperatures of about 650 to 700°C
with high water pressures, or by melting biotite-bearing gran-
odiorite to tonalite at temperatures of about 750 to 800°C
with reduced water pressures (see Winkler, 1976).
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Table 4. Locations of samples.

Sample
Al 540
Al 590
Al 620
Al 2200
Al AdD
Al A5D
Al ASE
Al A19E

Al 560
Al A19C
Al A19D
Al 430
Al A2A
Al A2E

Al 7290
Al A3B
Al 170
Al 190
Al 420
Al 510
Al 7140
Al A17A

Al 110
Al 140
Al 150
Al 160
Al 210
Al 220
Al 300
Al A10

Al 7110
Al 7130
Al A20A
Al A20B
Al A21B
Al 350

Al 370

Al A12B
Al A-11
Al A-5

Al 1060
Al 2180
Al 7150
Al 640

Al 1250
Al 7180
Al 7200

Al F327A
Al F358
Al F379A
Al F355
Al F411
Al F434B
Al 240
Al 250

Lattitude Longitude
40° 51' 27" 112° 10" 46"
40° 51' 27" 112° 10" 50"
40° 57' 55" 112° 12' 50"
40° 58' 06" 112° 12' 53"
40° 51' 06" 112° 10' 52"
40° 51' 21" 112° 11' 02"
40° 51' 21" 112° 11' 02"
40° 57' 06" 112° 12' 40"
40° 51' 28" 112° 10' 50"
40° 57' 06" 112° 12' 40"
40° 57' 06" 112° 12' 40"
40° 51' 47" 112° 10" 26"
40° 52' 09" 112° 10 38"
40° 52' 09" 112° 10 38"
40° 51' 53" 112° 10" 43"
40° 51' 54" 112° 10" 44"
40° 55' 33" 112° 12' 20"
40° 55' 33" 112° 12' 20"
40° 56' 04" 112° 14' 03"
40° 50" 54" 112° 10" 34"
40° 57" 21" 112° 14' 58"
40° 56' 31" 112° 12' 23"
40° 55' 27" 112° 12' 00"
40° 55' 33" 112° 12' 20"
40° 55' 33" 112° 12' 20"
40° 55' 33" 112° 12' 20"
40° 55' 30" 112° 12' 40"
40° 55' 30" 112° 12' 40"
40° 55' 24" 112° 13 14"
40° 53 22" 112° 11' 05"
40° 58' 09" 112° 14' 25"
40° 58' 09" 112° 14' 25"
40° 57" 35" 112° 13 43"
40° 57" 35" 112° 13 43"
40° 58' 36" 112° 14 32"
40° 56' 04" 112° 14' 04"
40° 56' 04" 112° 14' 04"
40° 55' 57" 112° 14' 04"
See Bryant(1988h)

See Bryant(1988h)

40° 55' 18" 112° 11' 25"
40° 58' 06" 112° 12' 52"
40° 57' 06" 112° 11' 34"
40° 57' 56" 112° 12" 54"
40° 58' 42" 112° 11' 31"
40° 51' 41" 112° 10' 52"
40° 51' 35" 112° 10" 50"
40° 59" 17" 112° 14' 22"
41° 00" 12¢ 112° 12" 04"
40° 58' 09" 112° 14 43"
40° 52' 24" 112° 10" 31"
40° 57' 56" 112° 13 02"
40° 57' 18" 112° 12' 59"
40° 55' 23" 112° 13 15"
40° 55' 23" 112° 13 15"

m Granitic gneiss
A Banded gneiss
Plagioclase

+ quartz
+ liquid

Plagioclase
+ alkali feldspar
+ liquid
E4

AB E6 OR

AN AN

Plagioclase
+ quartz + liquid

ET

AB P OR
AN

Ph,0 = 5 kbar

AB

Figure 9. Phase relations in the system quartz(QZ)-albite(AB)-
anorthite(AN)-orthoclase(OR)-water for total pressure equal water
pressure equal 5 kilobar. Isotherms on cotectic surfaces, cotectic
line (line P-E5), and eutectic points (labeled E1 to E6) projected
onto QZ-AB-OR and AN-AB-OR planes. Modified from Winkler
(1976). Normative compositions of banded gneiss (triangles) and
granitic gneiss (squares) indicated.

Granite and pegmatite samples have SiO, contents
greater than 72 percent and relatively high Al O, contents
(table 2). Overall, granite and pegmatite have higher con-
tents of Al,O; and K,O and lower contents of FeO, MgO,
and TiO, compared to banded and granitic gneiss. Composi-
tions do not plot on linear trends defined by samples of
banded and granitic gneiss on Harker variation plots, and
these granites probably had different origins than the banded
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and granitic gneiss. Some granite samples have chemical and
mineralogical similarities with S-type granites as defined by
White and Chappel (1983), consistent with derivation by par-
tial melting of nearby layered gneiss.

METAMORPHIC CONDITIONS

Mineral assemblages and textural relationshipsin layered
gneiss and biotite schist, combined with geothermobarometry
reported by Barnett and others (1993), and empirically and
thermodynamically derived mineral reactions, constrain meta-
morphic conditions (figures 10a and 10b). Layered gneiss
contains sillimanite, biotite, garnet, cordierite, and K-feldspar.
Biotite schist contains sillimanite, biotite, garnet and possible
syn-metamorphic muscovite. K-feldspar appears to be in tex-
tural equilibrium with sillimanite in layered gneiss, whereas
muscovite may be in equilibrium with sillimanite in biotite
schist. Cordierite is associated with biotite, garnet, and silli-
manite, although textural relations of cordierite were largely
obliterated during retrograde ateration. Barnett and others
(1993) used compositions of coexisting biotite, garnet, and
plagioclase to estimate peak metamorphic temperatures of
about 650 to 750°C for samples of layered gneiss from Ante-
lope Island and aong Weber Canyon in the Wasatch Range,
with a poorly constrained pressure estimate of about 4 kilo-
bars for Antelope Island. Observed mineral assemblages and
interpreted mineral reactions described below are consistent
with these estimates.

The coexistence of garnet and cordierite in layered
gneissindicates that lithostatic pressures were between about
3 and 5 kilobar during metamorphism, based on stability of
these minerals in other relatively iron-rich pelitic rocks (Win-
kler, 1976). Thermodynamic relations also indicate that
cordierite will break down to garnet or biotite at pressures
between about 2 kilobar for highly Fe-rich cordierite and 7
kilobar for highly Mg-rich cordierite, depending slightly on
water pressure (reactions lato 1d in figures 10a and 10b;
Holdaway and Lee, 1977).

M etamorphic temperatures and water pressures are
defined by a more complicated set of reactions in the layered
gneiss and biotite schist. The presence of sillimanite and
cordierite require temperatures greater than 550°C (reactions
2ato 2c and 1ein figures 10a and 10b; Holdaway, 1971;
Winkler, 1976). Some cordierite may have formed by the
breakdown of biotite and sillimanite, which would require
temperatures greater than about 650°C, even for reduced
water pressures (reaction 1c in figure 10b). Muscovite is not
stable in most layered gneiss samples, but may be locally sta-
ble in biotite schist, possibly reflecting varying water pres-
sure, which partly controls the breakdown of muscovite to K-
feldspar and sillimanite. Muscovite is stable at temperatures
of about 650 to 700°C over alithostatic pressure range of 3
to 5 kilobar if water pressure equals lithostatic pressure (reac-
tion 3in figure 10a). However, K-feldspar is stable for the
same range of temperature and lithostatic pressure if water
pressure is reduced (reaction 3 in figure 10b). Thus both K-
feldspar and muscovite can be stable in different areas at tem-
peratures of about 700°C if water pressure is reduced in the

layered gneiss. In many high-grade gneiss terranes water
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Figure 10. Petrogenetic grids modified from Turner (1981) for
Ph,0=Ptotal and P1,0=0.4 Ptotal. Minerals are: AB-albite; AD-
andalusite; AS-aluminosilicates, BT-biotite; CD-cordierite; GR-gar-
net; KF-K-feldspar; KY-kyanite; L-silicate liquid; MS-muscovite; Q-
quartz; and SL-sillimanite. Continuous reactions l1a to 1d from
Holdaway and Lee (1977) define breakdown of iron- and magne-
sium-cordierite to biotite and garnet. Reaction 1e for first appear-
ance of cordierite from Winkler (1976). Reactions 2a to 2c for alu-
minosilicates from Holdaway (1971). Reaction 3 for breakdown of
muscovite from Turner (1981). Reaction 4 for partial melting rela-
tions from Winkler (1976). Shaded area gives preferred range of
metamor phic temperature and pressure based on results reported by
Barnett and others (1993) and observed mineral assemblages.
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pressure varied with position and was less than lithostatic
pressure (Winkler, 1976; Turner, 1981).

Layered gneiss and biotite schist appear to have under-
gone limited partial melting. Initial melting occurs at temper-
atures of about 650°C for lithostatic pressures between 3 and
5 kilobar if water pressure equals lithostatic pressure, and at
temperatures greater than 700°C for reduced water pressures
(reaction 4 in figures 10a and 10b). Water is preferentially
incorporated into partial melts, and melting provides a mech-
anism for locally reducing water pressures in the layered
gneiss (for example Turner, 1981). Biotite schist appears to
have undergone less melting and contains more abundant
hydrous minerals, and may thus have maintained higher water
pressures.

Other terranes that contain coexisting biotite, sillimanite,
cordierite, garnet, and K-feldspar also appear to have been
metamorphosed at relatively high temperatures and low pres-
sures (Schreurs and Westra, 1986; Young and others, 1989).
For example, Young and others (1989) used quantitative geo-
thermometry and geobarometry for a gneiss terrane in south-
ern Nevada to estimate metamorphic temperatures of 590 to
750°C, lithostatic pressures of 3 to 4 kilobar, and water pres-
sures that were less than lithostatic pressures. Metamorphism
in these other terranes and on Antelope Island probably
resulted from transient increases in heat flow, possibly due to
large-scale igneous intrusion, crustal thickening, or increased
mantle heat flow.

Clinopyroxene in granitic gneiss and clinopyroxene and
rare orthopyroxene in hornblende-plagioclase gneiss may also
record granulite-facies metamorphism. Textural relations are,
however, ambiguous, and pyroxene grains may have formed
during primary igneous crystallization.

GEOCHRONOLOGY

Limited geochronologic data from the Wasatch Range
and Antelope Island broadly constrain the geologic history of
the Farmington Canyon Complex. Hedge and others (1983)
and Bryant (1988a, 1988b) interpreted a possible period of
Archean crustal growth and metamorphism followed by a
period of Early Proterozoic igneous intrusion, metamorphism,
and deformation. Nd-Sm model ages (estimated crustal resi-
dency ages) of 2,740 Mato 3,430 Ma for three samples of
migmatitic gneiss and amphibolite in the Wasatch Range
probably record a component of Archean crustal material
(Hedge and others, 1983). Rb-Sr data for samples of layered
and migmatitic gneiss from the Wasatch Range do not define
an isochron (Hedge and others, 1983), but these data have
been interpreted as recording partial isotopic equilibration of
gneiss during late Archean metamorphism (Bryant, 1988a).
Alternatively, the scatter in Rb and Sr isotopic values may
reflect varying initial #Sr/®Sr ratios in the gneiss, or mobi-
lization of Rb and Sr during Proterozoic metamorphism, in
which case a unique interpretation of the data isimpossible.
Protolith and metamorphic ages for lithologically similar lay-
ered gneiss on Antelope Island are currently uncertain.

I sotopic data provide evidence for early Proterozoic
granitic igneous intrusions (Hedge and others, 1983). Rb-Sr
data for samples from alarge granitic gneiss body in the
Wasatch Range define an isochron that yields a high & Sr/®Sr
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initial ratio of 0.769 and an age of 1,810 Ma, interpreted as
the age of synmetamorphic intrusion of a granitic pluton
(Hedge and others, 1983). Thisinitia ratio is significantly
greater than values reported for most granitic plutons (Faure
and Powell, 1972), and if correct, requires long crustal resi-
dence times for Rb-enriched material in the source region for
the pluton. Alternatively, the high initial ratio may reflect
mobilization of Rb and Sr. Discordant U-Pb ages for the
granitic gneiss samples define a chord with an upper intercept
of 1,790 Ma on a concordia diagram, but the scatter in data
about the chord is greater than that expected from analytical
error (Hedge and others, 1983).

The age of granitic gneiss on Antelope Island is less cer-
tain. Discordant U-Pb ages for two zircon fractions of
granitic gneiss from Antelope Island define a chord with an
upper intercept of 1,990 Ma on a concordia diagram, which
was interpreted as the age of synmetamorphic intrusion of a
granitic pluton (Hedge and others, 1983; Bryant, 1988a).
However, the geological accuracy of this date is uncertain
because only two points were used to construct the chord.
Discordant U-Pb ages for zircon fractions from a sample of
garnet-biotite-quartz-feldspar gneiss obtained from a drill
hole located about 8 kilometers (5 mi) west of Antelope
Island define a chord with an upper intercept of 2,020 Ma
(Hedge and others, 1983). Further isotopic studies are needed
to confirm these possible igneous ages, which are unusual for
the western United States and which are different from ages
of granitic gneiss in the Wasatch Range.

Barnett and others (1993 reported slightly discordant ura-
nium lead ages of 1650 to 1700 Ma for metamorphic mon-
azite from layered gneiss on Antelope Island and near Weber
Canyon in the Wasatch Range. These ages may record cool-
ing following peak metamorphism and intrusion of granitic
plutons, or a metamorphic event slightly younger than
granitic intrusion. “Ar/*°Ar plateau ages of hornblende are
about 1,600 Ma and record cooling through temperatures of
about 500° (Barnett and others, 1993).

CONCLUSIONS

L ocal Geology

Layered gneiss and lenses of bictite schist and quartz-
rich gneiss exposed within the central and southern parts of
Antelope Island probably represent a metamorphosed and
intensely deformed sedimentary sequence. Layered gneissis
well foliated and consists mostly of quartz, plagioclase, K-
feldspar, and biotite, with minor garnet, sillimanite, and
cordierite. Biotite schist contains abundant biotite with lesser
amounts of quartz, muscovite, garnet, and sillimanite.
Quartz-rich gneiss contains abundant quartz with minor pla-
gioclase, muscovite, and biotite. 1solated pods of metamor-
phosed ultramafic rock within layered gneiss consist of vari-
ably altered pyroxene, amphibole, and olivine, and may rep-
resent part of highly dismembered oceanic crust.

Hornblende-plagioclase gneiss forms thin pods within
other units and is abundant within a mafic gneiss body in the
central part of theisland. The pods may represent mafic
dikes emplaced over a protracted history and the mafic body
may represent a deformed pluton or extrusive sequence.

Petrology and geologic history of the Precambrian Farmington Canyon Complex - Yonkee, Willis, Doelling
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STAGE 1. Archean(?) deposition of surpracrustal sequence STAGE 5. Proterozoic intrusion of late-stage granites
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Figure 11. Schematic diagram of interpreted geologic history of Antelope Island. Stage 1- A supracrustal sequence of sediments and mafic dikes
and flows is deposited. Stage 2- The supracrustal sequence undergoes Late Archean(?) metamor phism and deformation, with possible intrusion of
plutons. Stages 3 and 4- Large granitic to granodioritic plutons are intruded, approximately synchronous with Early Proterozoic main-phase meta-
mor phism and deformation that produce strong foliation. Stage 5- Late-stage granites are intruded and locally crosscut earlier structures. Stages
6 and 7- Middle to Late Proterozoic uplift and erosion are followed by Late Proterozoic to Mesozoic deposition of sedimentary rocks. Stage 8-
Mesozoic thrusting, deformation, and retrograde alteration produce shear zones and cleavage that overprint high-grade structures. Stage 9 (not
illustrated)- Cenozoic extension, uplift, and erosion.
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Hornblende-plagioclase gneiss has gabbroic to tonalitic com-
position and consists mostly of amphibole and plagioclase,
with minor quartz and biotite, and rare pyroxene.

Well-foliated banded gneiss forms a broad belt on the
eastern part of the island, and surrounds the margin of weakly
to well-foliated granitic gneiss on the western part of the
island. These two rock types have overlapping mineralogical
and chemical compositions, and may represent a granitic to
granodioritic pluton. Banded and granitic gneiss consists
mostly of quartz, plagioclase, and K-feldspar, with lesser
amounts of hornblende. A single weak to strong foliation
developed in banded and granitic gneiss during main-phase
deformation and high-grade metamorphism.

Coarse-grained granite forms plutons on the eastern and
central part of the island and small bodies that crosscut ol der
structures in other rock types, recording intrusion after peak
deformation. Pegmatite forms foliated concordant to non-
foliated discordant dikes and lenses within most rock types,
indicating a protracted history of intrusion. Granite and peg-
matite consist of course-grained quartz, albitic plagioclase,
and K-feldspar, with minor and variable amounts of mus-
covite, biotite, and garnet.

Chloritic gneiss bounds shear zones and is widespread
near the basement-cover contact. It displays variable retro-
grade greenschist alteration and variably developed sets of
fractures, veins, and minor shear zones that crosscut earlier
high-grade structures. Phyllonite and mylonite occur within
shear zones that display pervasive ateration and concentrated
plastic deformation. Shear zones and fracture sets probably
accommodated internal deformation of thrust sheets during
the Sevier orogeny.

Layered gneiss contains biotite, garnet, sillimanite, K-
feldspar, and cordierite, and has undergone local partial melt-
ing consistent with high metamorphic temperatures (about
700°C), relatively low lithostatic pressures (about 3 to 5 kilo-
bar), and locally reduced fluid pressures. Rare pyroxenein
granitic and hornblende-plagioclase gneiss may reflect locally
preserved granulite facies metamorphism or primary igneous
crystallization. Normative mineral abundances of banded and
granitic gneiss are consistent with crystallization at tempera-
tures of 650 to 700°C from amagma initialy derived from
partial melting of granodioritic to tonalitic gneiss. A domi-
nant foliation that formed during main-phase deformation
cuts layered, banded, and granitic gneiss and generally strikes
north to northeast. However, complex fold interference pat-
terns and multiple foliations locally preserved within layered
gneiss may record an earlier period of deformation.

Regional Correlation

Rocks of the Farmington Canyon Complex display simi-
larities with both the Archean Wyoming Province and Early
Proterozoic terranes of Colorado and southern Utah (figure
2). Layered gneissin the Farmington Canyon Complex is
petrologically similar to some paragneisses in the Wyoming
Province and Nd-Sm model ages of layered gneissin the
Wasatch Range probably record a component of Archean par-
ent (Hedge and others, 1983). Bryant (1988a) thus suggested
that the Farmington Canyon Complex represents a western
extension of the Wyoming Province. However, layered
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gneiss in the Farmington Canyon Complex is aso similar to
some metasedimentary rocks in Colorado and was strongly
deformed, metamorphosed, and remobilized during the Early
Proterozoic; a pattern that is only observed along the southern
margins of the Wyoming Province and farther southwest in
the Mohave Province (Bennett and DePaolo, 1987). Granitic
gneiss in the Wasatch Range was emplaced and metamor-
phosed at about 1,800 Ma, similar to ages of intrusion and
metamorphism along and south of the Cheyenne belt. Thus,
older basement rocks, such as layered gneiss exposed on
Antelope Island, may represent part of the WWyoming Province
that was remobilized during Early Proterozoic intrusion,
metamorphism, and deformation. However, further isotopic
data are needed to confirm this interpretation.

Geologic History

Basement rock within the Wasatch Range and on Ante-
lope Island experienced a complex history of igneous intru-
sion, partial melting, high-grade metamorphism, and defor-
mation. A simplified hypothetical model of this history is
illustrated in idealized stages (figure 11).

Stage 1- Archean(?) deposition of a supracrustal sequence.

A sequence of sedimentary strata, including graywacke,
quartz-rich sandstone, and shale, now represented by layered
gneiss, quartz-rich gneiss, and biotite schist, was deposited.
Mafic flows and dikes, now represented by pods of horn-
blende-plagioclase gneiss, may also have been included in
this supracrustal sequence. The material upon which these
rocks was deposited is uncertain, and may have been oceanic
crust now represented by isolated lenses of metamorphosed
mafic and ultramafic rock. Evidence for the origin of this
supracrustal sequence has been largely obliterated by subse-
guent metamorphism and deformation.

Stage 2- Late Archean(?) metamorphism and deformation.

A period of metamorphism and deformation appears to
have affected the layered gneiss prior to main-phase deforma-
tion, based on fold interference patterns and multiple folia-
tions preserved in some fold hinges. The age and conditions
of this event are uncertain, with Hedge and others (1983) and
Bryant (1988a, 1988b) suggesting a period of Late Archean
metamorphism. This event may have been synchronous with
intrusion of igneous bodies. Pods of granitic gneiss within
layered gneiss may represent early intrusion of granitic mate-
ria, local partia melting, or may be related to later intrusion
during stage 3.

Stage 3- Early Proterozoic granitic intrusion.

Large plutons of granitic material were probably intruded
between 2,000 and 1,800 million years ago, prior to or syn-
chronous with main-phase deformation and metamorphism.
Bodies of granitic and banded gneiss on Antelope Island and
granitic gneiss in the Wasatch Range may record regional
intrusion of granitic plutons, based on petrologic and chemi-
cal similarities. However, limited available isotopic data indi-
cate different ages for granitic gneiss on Antelope Island and
in the Wasatch Range (Hedge and others, 1983).

Stage 4- Early Proterozoic main-phase metamorphism and
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deformation.

Main-phase metamorphism and deformation, possibly
synchronous with granitic intrusion, produced weak to strong
foliation in banded and granitic gneiss, and tight to isoclinal
folds that largely obliterated earlier structuresin layered
gneiss. Metamorphism was overall at upper amphibolite to
granulite facies. Partial melting, injection of pegmatite dikes,
and migmatization accompanied metamorphism. Estimated
metamorphic conditions suggest a high geothermal gradient
and locally reduced water pressures, perhaps related to heat-
ing during regional intrusion of granitic to granodioritic plu-
tons.

Stage 5- Proterozoic intrusion of |ate-stage granites.

Coarse-grained granitic plutons and pegmatite dikes were
emplaced after peak metamorphism and deformation. Late-
stage granitic bodies are much less deformed and crosscut
main-phase foliation and compositional layering. Some gran-
ite was probably derived by partial melting of surrounding
layered gneiss after peak deformation.

Stage 6- Middle to Late Proterozoic uplift and erosion.

Uplift and erosion of high-grade basement rocks fol-
lowed metamorphism and intrusion. Local retrograde meta-
morphism may have accompanied uplift, but such metamor-
phism would be difficult to distinguish from Mesozoic alter-
ation.

Stage 7- Late Proterozoic to Mesozoic deposition of sedimen-
tary rocks.

A late Proterozoic sequence of diamictite, dolomite,
quartzite, and argillite was deposited over the basement. A
lithologically similar but much thicker sequence of late Pro-
terozoic rocks in the Willard thrust sheet contains basalt flows
and dikes, and may record rifting along the western margin of
the North American craton (Christie-Blick and others, 1989).
An overlying sequence of Paleozoic to Mesozoic carbonates,
sandstone, and shale was deposited on the late Proterozoic
strata. This sequence is part of a westward-thickening wedge
of miogeoclinal strata deposited along the western margin of
North America.

Stage 8- Mesozoic deformation and retrograde alteration.

Mesozoic deformation and greenschist-facies retrograde
alteration overprinted earlier Precambrian structures during
the Sevier orogeny. Large thrust sheets were translated east-
ward and basement and sedimentary cover rocks were locally
imbricated. Internal deformation of thrust sheets produced
shear zones in basement rock, and cleavage and folds in the
sedimentary cover.

Stage 9- Cenozoic extension.

Large-displacement normal faults devel oped during
Cenozoic extension. Uplift and erosion of ranges between
normal faults resulted in the current topography and expo-
sures of the island.
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ABSTRACT

A thin stratigraphic section of Late Proterozoic and Cam-
brian sedimentary and low-grade metasedimentary rocks
unconformably overlies Archean(?)to Early Proterozoic high-
grade metamorphic and igneous rocks on Antelope Island.
The sedimentary and metasedimentary rocks are divided into
three formations, the Late Proterozoic Mineral Fork and Kel-
ley Canyon Formations, and the Cambrian Tintic Quartzite.
The Mineral Fork Formation is 0 to about 200 feet (0-60 m)
thick and consists mostly of dark-colored diamictite. The
Kelley Canyon Formation unconformably overlies the Miner-
al Fork Formation, and is divided into alower dolomite mem-
ber and an upper slate member. The dolomite member is 20 to
30 feet (6-9 m) thick and consists of light-gray to pink, fine-
grained crystalline dolomite with minor amounts of calcare-
ous date. The slate member is 50 to 250 feet (15-75 m) thick
and consists of purple, greenish-gray, and reddish-brown,
thin-bedded slate and argillite with minor silty dolomite and
fine-grained quartzite. The Tintic Quartzite is estimated to be
in excess of 800 feet (250 m) thick and consists mostly of tan
to greenish-gray, fine- to coarse-grained quartzite and quartz-
pebble conglomerate.

Late Proterozoic strata are generally absent in outcrops
directly east of Antelope Island, are thin on Antelope Island,
and are as much as 12,000 feet (3,500 m) thick in the
allochthonous, structurally overlying Willard thrust shest,
which was originally located to the west prior to thrusting.
When restored to their pre-thrust positions, Late Proterozoic
and Paleozoic strata form a westward-thickening sedimentary
wedge, and the section on Antelope Island is transitional
between a thicker western section and a thinner eastern sec-
tion. The configuration of this sedimentary wedge appears to
have partially controlled the location of Mesozoic thrust
faults.

INTRODUCTION

A thin stratigraphic section of Late Proterozoic to Cam-
brian sedimentary and low-grade metasedimentary rocks is
preserved on Antelope Island. Lithologic and stratigraphic
characteristics of this section provide an important link with
sedimentary rocks of similar lithology and age exposed €l se-
where in northern Utah (figures 1 and 2). In this paper we

describe the outcrop and microscopic characteristics of this
section, and then compare these characteristics with other
sections to refine regional stratigraphic correlations and to
better understand the Late Proterozoic to Cambrian geologic
history of northern Utah.

Two distinctive Late Proterozoic to Paleozoic stratigraph-
ic sections are preserved in northern Utah, a thick western
section and athin eastern section (Levy and Christie-Blick,
1989; Link and others, 1993; figure 1). The western section,
preserved in the Willard thrust sheet, consists of up to 12,000
feet (3,500 m) of Late Proterozoic strata and about 25,000
feet (7,500 m) of Paleozoic strata (Hintze, 1988). The eastern
section, preserved in thrust sheets to the east, includes about
10,000 feet (3000 m) of Paleozoic strata that directly overlie
Archean(?) to Early Proterozoic high-grade metamorphic and
igneous rocks (Hintze, 1988).

The sedimentary and |ow-grade metasedimentary rocks
preserved on Antelope Island mark a transition from the east-
ern to western sections. These rocks were previously
described by Larsen (1957) and Christie-Blick (1983), and
were mapped in detail by Doelling and others (1990) (figure
2). Theserocks consist of: (1) alower unit of diamictite; (2)
amiddle unit of dolomite and interbedded dlate, argillite, silty
dolomite, and fine-grained quartzite; and (3) an uncon-
formably overlying upper unit of quartzite and quartz-pebble
conglomerate (figure 3). Christie-Blick (1983) and Doelling
and others (1990) assigned the lower diamictite unit to the
Late Proterozoic Mineral Fork Formation. Christie-Blick
(1983) assigned the middle unit to the Late Proterozoic Kel-
ley Canyon Formation, and Doelling and others (1990) subdi-
vided this formation into alower dolomite member and an
upper slate member. Doelling and others (1990) assigned the
upper unit to the Early Cambrian Tintic Quartzite, based on
lithologic similarities to rocks exposed in the Wasatch Range
(Eardley, 1944). A measured section of the Late Proterozoic
rocks is given in the appendix and summarized in figure 4.

Middle Cambrian through Mesozoic strata are not pre-
served on Antelope Island, probably due to erosion, but clasts
of Paleozoic rocks are preserved in unconformably overlying
Tertiary conglomerates (Doelling and others, 1990; Willis and
Jensen, this volume). Tertiary conglomerate at the north end
of the idand (figure 2) contains abundant angular clasts of
shale and silty limestone that were probably eroded from the
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middle Cambrian Ophir Shale and Maxfield Limestone,
which overlie the Tintic Quartzite. Tertiary conglomerate on
the southeastern side of the island (figure 2) contains clasts of
upper Cambrian to Mississippian quartzite, dolomite, and
limestone up to 11 feet (3 m) in maximum dimension. Clasts
in these conglomerates were derived from nearby sources,
indicating that early to middle Paleozoic rock must have
overlain the Tintic Quartzite on or near the island area prior
to Tertiary erosion.

Late Proterozoic and Cambrian sedimentary rocks on
Antelope Island were internally deformed and metamor-
phosed to low grades during the Mesozoic Sevier orogeny
(Yonkee, 1992). Many of these rocks display weak to strong
cleavage and some intervals display minor folds and faults
(Doelling and others, 1990). Yonkee (1992) reported princi-
pal strain ratios ranging mostly from about 1.5:1 to 3:1, with
principal extension directions at moderate to low angles to
bedding. Using this range in axial ratios and extension direc-
tions, a unit originally 10 feet (3 m) thick before deformation
would range from about 6 to 12 feet (2 to 4 m) thick after
deformation. Minor folding and faulting also produced local

Figure 1. Generalized
geologic index map of
northern Utah showing
regional setting of Ante-
lope Island. Unitsin the
eastern section pre-
served in the Crawford
and Absaroka thrust
sheets are Pcx-
Archean(?) to Early
Proterozoic basement
rocks, Prb- Middle to
Late Proterozoic Big
Cottonwood Formation,
Pr- thin stratigraphic
section of Late Protero-
zoic strata, Pz- Paleo-
zoic strata, and Mz-
Mesozoic strata. Units
in the western section
preserved in the Willard
thrust sheet are Prf-
Early Proterozoic Facer
Formation, Prw- Late
Proterozoic strata, and
Pzw- Paleozoic strata.

changes in thicknesses. Thus, measured thicknesses of Late
Proterozoic and Cambrian strata include effects of deforma-
tion that modified original thicknesses.

OUTCROP CHARACTERISTICS OF
SEDIMENTARY ROCKS

Mineral Fork Formation

The Mineral Fork Formation on Antelope Island consists
mostly of massive, dark-colored diamictite, with minor
amounts of interbedded argillite, quartzite, and conglomerate
locally present near the top of the unit (figure 4 and appen-
dix). Clasts constitute 20 to 60 percent of the diamictite in
most areas, and sit within a micaceous, gritty matrix (figures
5a and 5b). Cobble-sized clasts are abundant, but clast sizeis
highly variable, ranging up to boulders 7 feet (2 m) across
(figure 5a). Clasts vary from angular to rounded, but many
were atered and flattened during Mesozoic deformation.
Clast types include quartzo-feldspathic gneiss and granite,
quartzite (including